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(54) Gas sensor 

(57) A gas sensor having a simple structure and 
capable of accurately measuring the combustible gas 
componertt concentration of a measurement gas such 
as an exhaust gas despite variations in the oxygen con- 
centration of the exhaust gas and variations in element 
temperature. The gas sensor 1 has the following constit- . 
uent features: (1) first processing space 9: a measure- 
ment gas is introduced thereinto via a first gas passage 
11 ; (2) second processing space 10: a gas contained in 
the first processing space 9 is introduced thereinto via a 
second gas passage 13; (3) oxygen concentration 
detection element 4: adapted to measure the oxygen 
concentration of a gas contained in the first processing 
space 9; (4) oxygen pumping element 3: adapted to 
reduce the oxygen concentration of the measurement 
gas introduced into the first processing space 9 within a 
range such that water vapor contained in the measure- 
ment gas is not substantially decomposed; (5) oxidation 
catalyst sectbn 16: adapted to accelerate combustion 
of a combustible gas component contained in a gas 
introduced into the second processing space 10; and 
(6) combustible gas component concentration detection 
element 5: a constant voltage is applied thereto, and 
element 5 has an output cunent which varies according 
to the amount of oxygen consumed by combustion of a 
comtxjstit)le gas component contained in the gas intro- 
duced into the second processing space 10 from the 
first processing space, to thereby provide information 



regarding the concentration of the combustible gas 
component of the measurement gas based on the out- 
put cunrent 

FIG. 1A 
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Description 

[0001 ] The present invention relates to a gas sensor, 
a gas sensor system using the same, and a method of 
manufacturing the gas sensor. 

[0002] Resistance-type sensors are known for meas- 
uring the concentration of a combustible gas compo- 
nent such as hydrocarbon (HC) or CO contained in the 
exhaust gas of an automobile or the like. For example, 
an oxkle semiconductor (n type) such as SnOg or the 
like is used as a sensing element for measuring the con- 
centration of a combustible gas component such as HC 
or CO. Specifically, oxygen in the atmosphere adsorbs 
onto the sensing element through an effect induced by 
negative charges. When the atmosphere contains a 
combustible gas component such as HC or CO. the 
combustible gas conponent undergoes a combistion 
reaction with the adsorbed oxygen, thereby causing 
oxygen to be described from the sensing element 
Because a change in electric resistance of the sensing 
element associated with the oxygen desorption 
depends on the combustible gas component concentra- 
tion of the atmosphere, the combustible gas component 
concentration of the atmosphere can be obtained by 
measuring the change in electric resistance. However, 
such a resistance-type sensor has a drawback in that an 
output from the sensing element formed of an oxide 
semiconductor is likely to vary depending on the con- 
centration of oxygen or water vapor contained in the 
exhaust gas. Accordingly, even when the combustible 
gas component concentration remains unchanged, the 
sensor output value indicative of the combustible gas 
component concentration varies depending on, for 
example, the oxygen concentration of the exhaust gas. 
[0003] In order to solve the above problem, an appa- 
ratus for measuring a combustible gas component con- 
centration having the following structure is disclosed in 
JP. 8-247995. In this apparatus, tiie sensing element 
has two processing zones. An exhaust gas is introduced 
into a first processing zone via a first diffusk>n-control- 
ling means. Oxygen is punrped out from the first 
processing zone by means of a first oxygen pumping 
element so as to reduce the oxygen concentration of the 
first processing zone to a low value at which combusti- 
ble gas components are not substantially burned. Next, 
the gas having the thus-reduced oxygen concentration 
is introduced into a second processing zone via a sec- 
ond diffusion-controlling means. Oxygen is punrped into 
the second processing zone by means of a second oxy- 
gen pumping element so as to burn the combustible gas 
component. The conrdxjstible gas component concen- 
tration is determined based on the value of current flow- 
ing through or voltage developed across the second 
oxygen pumping element. 

[0(X)4] However, in the apparatus disclosed in the 
above-described patent publtoation, the second oxygen 
pumping element is operated such that the oxygen con- 
centration of the second processing zone falls within a 



certain constant range. Accordingly, in addition to the 
second oxygen pumping element, the use of an element 
(for example, an oxygen concentration cell element) for 
measuring the oxygen concentration of the second 
5 processing zone is substantially unavoidable. Accord- 
ingly, the number of required elements for the second 
processing zone increases, thereby resulting in a com- 
plicated sensor structure and an increase in manufac- 
turing cost. 

10 [0005] Also, in the above disclosed apparatus, the 
oxygen concentration of the exhaust gas introduced into 
the first processing zone is reduced by means of the 
first oxygen pumping element to "a low value at which a 
combustible gas component is not substantially 

IS burned". According to tfiis publication, ttie low value is 
not higher than 10'^"* atm. preferably not higher than 10' 
atm. and is normally about 10'^° atm. However, when 
tiie oxygen concentration of the first processing zone is 
set at such a low value, the following problem arises 

20 related to accuracy in measuring the combustible gas 
component concentration. 

[0006] Specifically, an exhaust gas generally contains 
a fair amount of water vapor in addition to combustible 
gas components such as hydrocartxjn, cartoon monox- 

25 ide and hydrogen. Generally the amount of water vapor 
varies according to operating conditions of an internal 
combustion engine. According to studies conducted by 
the present inventors, when tiie oxygen concentration of 
such an exhaust gas is reduced to the atxyve-mentioned 

30 value, a portion of the water vapor is decomposed into 
hydrogen and oxygen. The thus-generated oxygen is 
pumped out from the first processing zone by means of 
• the first oxygen pumping element, whereas the thus- 
generated hydrogen is not pumped out, but introduced 

35 into the second processing zone where the hydrogen 
induces combustion. When the gas to be measured 
(also refen^ed to as an object gas) contains a conixjsti- 
ble gas component composed primarily of hydrocartx>n, 
tiie combustion of hydrogen generated by the decompo- 

40 sition of water vapor significantly affects accuracy in 
measuring the hydrocarbon concentration. Notably, tiie 
measurement exarrples disclosed in the above patent 
publication were aD conducted under conditions where 
tfie water vapor concentration of the object gas was 

45 constant, and did not take into account tiie influence of 
a variation in water vapor concentratbn when measur- 
ing a combustible gas component concentration. 
[0007] As disclosed in the above patent publication, a 
proton punp may be additionally used in order to pump 

50 out the thus-generated hydrogen from the first process- 
ing zone, so that only HC is selectively burned to 
thereby inprove measurement accuracy However, this 
method merely enploys the proton pump as a means of 
last resort for coping with hydrogen generation associ- 

55 ated with decomposition of water vapor. Addition of the 
proton pump makes ttie sensor structure and sensor 
control mechanism complex, caising an increase in 
apparatus cost. Furthermore, residual hydrogen which 
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the proton pump has failed to pump out may induce a 
measurement error. 

[0008] Also, the following problem is encountered. 
With the recent tendency of tightening exhaust gas reg- 
ulations for air pollution control, internal combustion 5 
engines such as gasoline engines, diesel engines and 
the like engines tend to shift to lean-burn operation in 
order to suppress generation of HC associated with 
incomplete combustion. An exhaust gas produced 
under lean-burn conditions has an oxygen concentra- io 
tion higher than that produced under stoichiometric or 
rich conditions. When the above-described conven- 
tional apparatus is applied to such an exhaust gas. an 
oxygen pumping element is significantly burdened in 
order to reduce the oxygen concentration to the at)ove- 75 
mentioned low value. As a result, the service life of the 
oxygen pumping element is shortened. Furthermore, 
since the operating power of the oxygen pumping ele- 
ment must be increased, a high output peripheral con- 
trol circuit must also be used which in turn increases the 20 
apparatus cost. 

[0009] It is therefore the object of the present invention 
to provide a gas sensor and a method of manufacturing 
a gas sensor, having a simple structure and capable of 
accurately measuring the combustible gas component 25 
concentration of a measurement gas, such as an 
exhaust gas. despite variations in the oxygen concen- 
tration of the measurement gas and despite variations 
in element temperature, as well as to provide a gas sen- 
sor system using the gas sensor. In another aspect, the 30 
present invention provides a gas sensor and a method 
of manufacturing the gas sensor in which accuracy in 
measuring a combustible gas component concentration 
is less susceptible to decomposition of water vapor and 
which is suitably applicable to lean-burn conditions, as 3S 
well as to provide a gas sensor system using the gas 
sensor. 

[0010] The above object of the present invention has 
been achieved by providing a gas sensor according to 
independent claim 1 , a gas sensor system according to 40 
independent claim 26. and a method according to inde- 
pendent claim 24. Further advantageous features and 
aspects of the invention will be derivable from the 
dependent claims, the description and the appended 
drawings. The claims are to be understood as a first. 4S 
non-limiting approach to define the invention in general 
terms. The inventive gas sensor may have the following 
characteristic features. 

(1) First processing space: A first processing space so 
is provided which is isolated from the surrounding 
ertvironment. A measurement gas is introduced irtto 
the first processing space via a first gas passaga 

(2) Second processing space: A second processing ss 
space is provided which is isolated from the sur- 
rounding environment. A gas contained in the first 
processing space is introduced into the second 



processing space via a second gas passage. 

(3) Oxygen concentration detection element: 
Adapted to measure the oxygen concentration of a 
gas contained in the first processing space. 

(4) Oxygen pumping element: Formed of an oxy- 
gen-bn conductive solid electrolyte. Electrodes are 
formed on opposing surfaces of the oxygen pump- 
ing element. The oxygen pumping element pumps 
out oxygen from the first processing space or 
pumps oxygen into the first processing space so as 
to reduce the oxygen concentration of the measure- 
ment gas introduced into the first processing space 
and measured by the first oxygen concentration 
detection element to a predetermined level. 

(5) Oxidation catalyst element: Adapted to acceler- 
ate combustion of a combustit^le gas component 
contained in the gas which has been introduced 
into the second processing space from the first 
processing space via the second gas passage. 

(6) Combustible gas component concentration 
detection element: Formed of an Qxygen-ion con- 
ductive solid electrolyte. Electrodes are formed on 
opposing surfaces of the combustible gas compo- 
nent concentration detection element. One of the 
electrodes is arranged so as to be exposed to the 
second processing space. A constant voltage is 
applied to the comtHJStible gas component concen- 
tration detection element via the electrodes. The 
combustible gas component concentration detec- 
tion element has an output current which varies 
according to the amount of oxygen consumed by 
conrd^ustion of the combustible gas component, to 
thereby provide information regarding the concen- 
tration of tiie combustible gas corrponent of the 
measurement gas. 

[0011] The atx>ve objects of the present invention 
have also been achieved by providing a gas sensor sys- 
tem having the following constituent features. 

(A) Gas sensor: Configured to have the following 
characteristic features: 

(1) Rrst processing space: A first processing 
space is provided which is isolated from tiie 
surrounding environment. A measurement gas 
is introduced into the first processing space via 
a first gas passage. 

(2) Second processing space: A second 
processing space is provided which is isolated 
from the surrounding environment A gas con- 
tained in tiie first processing space is intro- 
duced into the second processing space via a 
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second gas passage. 

(3) Oxygen concentration detection element: 
Adapted to measure the oxygen concentration 

of a gas contained in the first processing s 
space. 

(4) Oxygen pumping element: Formed of an 
oxygen-ion conductive solid electrolyte. Elec- 
trodes are formed on opposing surfaces of the io 
oxygen pumping element. The oxygen pump- 
ing element punps out oxygen from the first 
processing space or pumps oxygen into the 
first processing space. 

15 

(5) Oxidation catalyst element: Adapted to 
accelerate combustion of a comtHistible gas 
component contained in a gas having an oxy- 
gen concentration which has been adjusted by 
the oxygen punping element and then irrtro- 20 
duced into the second processing space from 
tiie first processing space via a second gas 
passage. 

(6) Combustible gas component concentration 25 
detection element: Fonned of an oxygen-ion 
conductive solid electrolyte. Bectrodes are 
formed on opposing surfaces of the combusti- 
ble gas component concentration detection 
element One of the electrodes is arranged so so 
as to be exposed to the second processing 
space. A constant voltage is applied to the 
comtxjstible gas component concentration 
detection element via the electrodes. The com- 
bustible gas component concentration detec- 3S 
tion element has an output current which varies 
according to the amount of oxygen consumed 

by comtHJStion of the combustible gas compo- 
nent, to thereby provide information regarding 
the concentration of tiie combustible gas com- 40 
ponent of the measurement gas. 

(B) Oxygen punping operation control means: 
Adapted to control the oxygen pumping element so 

as to reduce the oxygen concentration of the meas- 4S 
urement gas introduced into the first processing 
space and measured by the oxygen concentration 
detection element to a predetermined value. 

(C) Voltage source: Adapted to apply a constant so 
voltage to the combustit)le gas component concen- 
tration detection element 

[0012] The gas sensor and the gas sensor system of 
the present invention can measure a comtxistible gas ss 
component selected singly or in combination from the 
group consisting of. for exanple. hydrocaft>on (HC), 
cartx)n monoxide and hydrogen. 



[001 3] In the configuration described above, the oxy- 
gen concentration of a measurement gas contained in 
tiie first processing space is adjusted to a predeter- 
mined value by operation of the oxygen pumping ele- 
ment. The thus-treated gas is introduced into the 
second processing space, where a combustible gas 
component undergoes combustion through the aid of 
the oxidation catalyst The combustible gas component 
concenti-ation detection element, to which a small con- 
stant voltage is applied, has an output current which 
varies according to tiie oxygen consunrption due to 
combustion of the combustible gas conponent. Thus, 
based on tiie output current, information regarding the 
combustit)le gas conponent concentration of the origi- 
nal measurement gas is obtained. Because the oxygen 
concentration of a measurement gas detected by the 
oxygen concentration detection element is adjusted to a 
predetermined level before the combustible gas compo- 
nent concentration of the gas is measured, the output 
from the combustible gas component concentration 
detection element is less affected by the original oxygen ( 
concentration of tiie measurement gas. Thus, the rela- 
tionship between the output current of the combustible 
gas component concenfration detection element and 
the combustible gas component concentration of tie 
measurement gas exhibits good linearity. Furthermore, 
in the conventional sensor disclosed in the at>ove publi- 
cation, at least two elements, namely the oxygen pump- 
ing element and the oxygen concentration measuring 
element, must be provided for the second processing 
zone (corresponding to the second processing space in 
the present invention). By contrast, in the configuration 
of the present invention, the combustible gas compo- 
nent concentration detection element suffices in and of 
itself, thereby sinplifying sensor structure. Thus, the 
above-mentioned configuration achieves the first object 
of the present invention. 

[0014] The above-descrO^ed small constant voltage 
can be applied to the combustible gas conponent con- 
centration detection element in a polarity which gener- i 
ates in the comtxistible gas component concentration 
detection element an oxygen punping current which 
flows in a direction causing oxygen to be punped out 
from the second processing space. In this case, tiie 
applied voltage is preferably adjusted such that a partial 
pressure of oxygen in the gas introduced into the sec- 
ond processing space does not cause a sut>stantial 
decomposition of nitrogen oxides contained in the gas. 
This prevents a reduction in accuracy in measuring a 
combustible gas component concentration which would 
ottienfvise result from oxygen generated from tiie 
decomposition of NOx. 

[0015] In the akxsve-described gas sensor of tiie 
present invention, the oxygen pumping element can 
adjust the oxygen concentration of tiie measurement 
gas introduced into the first processing space and 
detected by tiie oxygen concenfration detection element 
within a range such that water vapor contained in the 
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measurement gas is not substantially decomposed. In 
this case, the oxygen pumping operation control means 
of the gas sensor system preferably controls the opera- 
tion of the oxygen pumping element such that the oxy- 
gen concentration of the measurement gas introduced 
into the first processing space and measured by the 
oxygen concentration detection element is adjusted 
within a range such that water vapor contained in the 
measurement gas is not substantially decomposed. 
Namely, within a range which does not substantially ini- 
tiate a reaction of decomposing water vapor contained 
in the measurement gas. 

[0016] By substantially suppressinig hydrogen gener- 
ation associated with the decomposition of water vapor 
by oxygen concentration adjustment, a loss in accuracy 
in measuring a combustible gas component concentra- 
tion can be prevented which would othenAfise result from 
combustion of the generated hydrogen. Also, the gas 
sensor and the gas sensor system of the present inven- 
tion exhibit excellent selectivity toward HC, particularly 
methane, and thus can measure methane concentra- 
tion more accurately than do conventional gas sensors. 
Thus, the second object of the present invention has 
been achieved. 

[0017] When a measurement gas contains cartK)n 
dioxide and the carfcx>n dioxide is decomposed, carbon 
monoxide which is a combustible gas component is 
generated as in the case of water vapor which gener- 
ates hydrogen. Combustion of the thus-generated car- 
bon monoxide may lower the accuracy in detecting the 
conrixistitsle gas component. In this case, the first oxy- 
gen pumping element preferably acQusts the oxygen 
concentration of the measurement gas introduced into 
the first processing space and detected by the oxygen 
concentration detection sensor within a range such that 
carbon dioxide is not substantially decomposed. 
Because the oxygen concentration at which decomposi- 
tion of carbon dioxide occurs is generally lower than the 
oxygen concentration at which decomposition of water 
vapor occurs, the decomposition of carbon dioxide is 
concunrently prevented by employing an oxygen con- 
centration which prevents decomposition of the water 
vapor. 

[0018] The oxygen pumping element can be config- 
ured to adjust the oxygen concentration of the measure- 
ment gas introduced into the first processing space 
witiiin a range of lO ''^ atm to 10"^ atm. In this case, the 
oxygen pumping q^eration control means of the gas 
sensor system controls the operation of the oxygen 
pumping element such that the oxygen concentration of 
the measurement gas introduced into the first process- 
ing space and measured by the ©cygen concentration 
detection element is adjusted within a range of 10'^^ 
atm to 10"^ atm. 

[0019] In the above-descrbed configuration, the oxy- 
gen concentration of the first processing space 
achieved by operation of the oxygen pumping element 
is adjusted so as to fall within the atx3ve range, thereby 



suppressing the decomposition of water vapor and thus 
improving the sensing accuracy of the gas sensor or the 
gas sensor system. Because the oxygen concentration 
to be achieved by adjustment is far higher than the con- 

5 ventionally required oxygen concentration of 10*^^ atm 
to 10"^^ atm. the oxygen pumping element assumes a 
smaller burden even when measuring, for exanrple, 
under lean-burn conditions. Thus, the service life of the 
oxygen pumping element is extended. Also, the power 

10 needed to operate the oxygen pumping element is not 
very high, and a control circuit and other peripheral 
de\^ices can be provided at low cost. Also, in tiiis case, 
the oxygen pumping element (or the oxygen pumping 
control means) is preferably configured such tiiat ttie 

15 oxygen concentration of a measurement gas introduced 
into the first processing space and measured by the 
oxygen concenti^ation detection element is adjusted to 
within a range such tiiat water vapor contained in the 
measurement gas is not substantially decomposed. In 

20 the gas sensor and the gas sensor system described 
above, in order to furtiier effectively prevent the decom- 
position of water vapor, tiie oxygen pumping element is 
preferably operated such that tiie oxygen concentration 
of the first processing space is adjusted to a value at 

25 which a portion of the combustible gas component is 
burned in the first processing space while the first elec- 
trode serves as an oxidation catalyst 
[0020] Furthermore, when the detection selectivity 
toward hydrocart>on (especially, methane or the like 

30 having a relatively low combustion activity) needs to be 
improved, the oxygen concentration within the first 
processing space as measured by the oxygen concen- 
ta^ation detection element is preferably adjusted to fall 
within a range such that a component (e.g., carbon 

35 monoxide, hydrogen, ammonia) having a higher com- 
bustion activity than the hydrocarbon to be detected is 
burned hiore readily than hydrocartx>n. This adjustment 
improves the detection selectivity toward hydrocartx>n 
(e.g.. methane). The oxygen concenti-ation range varies 

40 depending on the combustion catalytic activity of the 
f irst and third electrodes, described below, toward vari- 
ous combustible gas components. However, the oxygen 
concentration range is generally 10"^^ - 10'^ atm, prefer- 
ably 10-''^ - 10"^ atm. 

45 [0021 ] When tiie oxygen concentration of a measure- 
ment gas introduced into the first processing space 
becomes less than 10*^^ 3^^^ decomposition of 
water vapor, if present, becomes conspicuous. As a 
result, hydrogen generated by the decomposition of 

50 water vapor may significantly impair accuracy in meas- 
uring a combustible gas oonrponent concentration. By 
contrast, when the oxygen concentration of the first 
processing space is in excess of 10"^ atm, combustion 
of a combustible gas conponent becomes conspicuous 

55 in the first processing space. Accordingly the combusti- 
ble gas conponent concentration of a gas introduced 
into the second processing space becomes small with a 
potential failure to attain a predetermined measurement 
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accuracy. More preferably, the oxygen concentration of 
the first processing space is adjusted to a value of 10'^ 
atmto 10'^ atm. 

[0022] For example, when the gas sensor is set at a 
working temperature of 650*^0 to 700^*0 and the water 
vapor concentration of a measurement gas varies within 
a range of about 5% to 15%. oxygen that maintains 
equilibrium with water vapor and hydrogen has a mini- 
mum partial pressure of about 10'^^ atm. When the par- 
tial pressure of oxygen drops below the minimum value, 
decomposition of water vapor progresses, thereby 
affecting accuracy in measuring a combustible gas 
component concentration. Therefore, in this case, the 
oxygen concentration of the first processing space is 
preferably set to a value greater than the above mini- 
mum partial pressure of oxygen. 
[0023] As used herein, unless specifically described 
otherwise, the oxygen concentration within the first 
processing space means the oxygen concentration 
measured by the oxygen concentration detection ele- 
ment. For exanple. when a part of a combustible gas 
component contained in a measurement gas burns and 
consumes oxygen, the oxygen concentration measured 
by the oxygen concentration detection element is not 
necessarily equal to the oxygen concentration before 
oxygen Is consumed due to combustion. Also, the oxy- 
gen concentration may vary at locations within the first 
processing space due to the presence of a porous elec- 
trode that is disposed to face the first processing space 
and catalyzes combustion of a combustible gas compo- 
nent, or due to oxygen pumping of the oxygen pumping 
element. In this case as well, the oxygen concentration 
detection element is considered to represent the oxy- 
gen concentration within the first processing space. 
When the oxygen concentration of a measurement gas 
introduced into the first processing space is relatively 
high, the first oxygen pump operates to mainly pump 
oxygen out from the first processing space in order to 
cause the oxygen concentration detected by the oxygen 
concentration detection element to fall within the range 
of 10"^^ - 10"® atm. By contrast, the first oxygen pun^ 
operates to pump oxygen into the first processing space 
when an increased amount of a combustitsle gas com- 
ponent (e.g., cart)on monoxide, hydrogen, ammonia) 
burns while the first electrode, described below, is used 
as a catalyst for combustion, and oxygen consumption 
due to comkxjstion proceeds. 

[0024] In the gas sensor (and the gas sensor system) 
descrit^ed above, at least either the first gas passage for 
introducing a measurement gas into the first processing 
space or the second gas passage for establishing com- 
munication between the first processing space and the 
second processing space may be configured as a diffu- 
sion-controlling passage for permitting gas flow at a 
constant diffusion resistance. This feature suppresses 
the compositional variation of a gas introduced into the 
first or second processing space to a small degree for a 
constant period of time determined by the diffusion 



resistance of the passage even when the composition of 
the measurement gas varies. Thus, accuracy in meas- 
uring tiie concentration of a corrbustible gas compo- 
nent concentration can be improved. Specifically, tiie 

5 diffusion-controlling passage may assume the form of 
small holes or slits or may be formed of any of various 
throttiing mechanisms or porous metals or ceramics 
having communicating pores formed therein. 
[0025] In the gas sensor and the gas sensor system 

10 described above, the oxygen concentration detection 
element may be an oxygen concentration cell element. 
The oxygen concentration cell element is formed of an 
oxygen-ion conductive solid electrolyte having elec- 
trodes formed on both (opposing) surfaces tiiereof. One 

75 of the electrodes is disposed so as to be exposed to the 
first processing space. In this case, the electrode 
exposed to tiie first processing space is defined as a 
first electrode, and the electrode of the combustible gas 
component concentration detection element exposed to 

20 the second processing space is defined as a second 
electrode. The first and second elect-odes may each 
assume the form of a porous electrode having oxygen 
molecule desorption capability. The second elecfrode 
can be adapted to serve as the above-desaibed oxida- 

25 tion catalyst section having oxidation-related catalytic 
activity toward a corrdxistible gas component contained 
in the measurement gas. 

[0026] In tfie above configuration, the first elecfrode 
has an oxidation-related catalytic activity tiiat is lower 

30 than that of the second^electrode. Thus, at least a por- 
tion of a residual combustftie gas oonponent which has 
not been burned in the first processing space can be 
reliably burned in tiie second processing space, tiiereby 
improving sensor sensitivity. Furthermore, because the 

35 electrode (second electrode) of the combustible gas 
component concentration detection element exposed to 
the second processing space also serves as an oxida- 
tion catalyst section, the structure of the gas sensor or 
the gas sensor system is further simplified. 

40 [0027] A porous metal layer other tiian the second 
electrode may be formed on a wall portion which, 
together witii other portions, defines tiie secorxJ 
processing space, in such manner as to be exposed to 
the second processing space. The porous metal layer 

45 serves as tiie oxidation catalyst section exhibiting oxida- 
tion-related catalytic activity toward a combustible gas 
component contained in the measurement gas. This 
feature Improves the efficiency of combustion of a com- 
bustible gas component in tiie second processing 

so space and thus improves the sensitivity of the gas sen- 
sor. Furthermore, the porous metal layer may be used 
as a porous electrode for another application (for exam- 
ple, as a porous elecfrode of an oxygen pumping ele- 
ment or oxygen concentration ceD element other than 

55 ttiose of tiie present invention). 

[0028] When the gas component to be measured is 
CO or HC, an electrode having higher oxidation-related 
catalytic activity may be formed of Ft, Pd. Rh, a Ft alloy, 
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a Pd alloy, an Rh alloy, a R-Rh alloy, an Rh-Pd alloy, a 
Pd-Ag alloy, or a like metal (hereinafter these metals are 
refen-ed to as metals of a high-activity metal group). An 
electrode having lower oxidation-related catalytic activ- 
ity may be formed of Au, Ni, Ag. an Au alloy, an Ni alloy, 
an Ag alloy, a Pt-Pd alloy, a Pt-Au alloy, a R-Ni alloy, a 
Pt-Ag alloy, an Ag-Pd alloy, an Au-Pd alloy, or a like 
metal (hereinafter these melals are referred to as met- 
als of a low-activity metal group). When a Zr02 solid 
electrolyte, described below, is used as an oxygen-ion 
conductive solid electrolyte constituting a main portion 
of the oxygen pumping element, the oxygen concentra- 
tion cell element, or the combustible gas component 
concentration detection element, a metal of the low- 
activity metal group is preferably selected such that it 
can be fired with the Zr02 solid electrolyte (firing tem- 
perature: MSO^'C to 1500**C). in view of improving in 
sensor-manufacturing efficiency. For example, when a 
Pt-Au alloy is used, the Au contents thereof may be 
0.1% to 3% by weight. When the Au content is less than 
0.1% by weight, an electrode formed of the alloy may 
have an excessively high oxidation-related catalytic 
activity. By contrast, when Au is added in excess of 3% 
by weight, the amount of Au volatilizing from the alloy 
during firing increases, thus increasing the amount of 
wasted Au. 

[0029] In a preferable embodiment of the gas sensor 
of the present invention, a more preferable result Is 
obtained by employing an electrode having the following 
structure. Specifically, the oxygen pumping element is 
formed of an oxygen-ion conductive solid electrolyte 
having electrodes formed on both surfaces tiiereof, and 
one of the electrodes (hereinafter referred to as the 
"third electrode") is disposed so as to be exposed to the 
first processing space. When the component to be 
detected is CO or HC, the third electrode is composed 
of two layers, namely, a porous main electrode layer and 
a porous surface electrode layer. The porous main elec- 
trode layer is made of Pt-Au alloy (Au content: 1 wt% or 
less) or Pt. The porous surface electrode layer covers 
the main electa^ode layer to thereby form a surface layer 
portion of the third electrode. The surface electrode 
layer is made of a material selected from the group con- 
sisting of a metal containing Au or Ag as a main compo- 
nent, a Pt-Au alloy, an Au-Pd alloy, a Pt-Ag alloy and a 
R-Ni alloy (hereinafter collectively refen-ed to as "inac- 
tive metal"^. The third electrode has a \ov/& oxidation- 
related catalytic activity toward the combustible gas 
component than does the second electrode. As used 
herein, the term "X-Y alloy" means an alloy in which a 
metal component having the highest content by weight 
is X. and a metaJ component having the secorKj highest 
content by weight is Y. The alloy may be an X-Y binary 
system alloy or a higherorder system alloy containing 
X, Y and other alloy components. 
[0030] Materials for the electrodes of the oxygen con- 
centration cell element or the oxygen pumping element 
must have a sufficient catalytic activity for desorption 



and recombination of oxygen molecules. Pt single 
metal, for example, is an excellent material in this point. 
However, if this material is used for the elecfode 
exposed to tiie first processing space, the material has 

5 an extremely high combustion catalytic activity toward a 
combustion gas component. Therefore, the catalytic 
activity must be decreased slightly For example, as 
conventionally practiced. Au. whose combustion cata- 
lytic activity is low, is mixed with R in an amount of up to 

10 about 20 wt.%. thereby forming a Pt-Au alloy. However, 
when the Au content increases, a considerable 
decrease in activity for desoibing oxygen molecules 
occurs concunrentiy vyrith a decrease in the combustion 
catalytic activity toward a conrtjustible gas component. 

15 Therefore, these two catalytic activities are difficult to 
balance. 

[0031] This problem can be solved by employing tiie 
above-described multilayer electrode, in which the sur- 
face of the porous main electrode layer formed of a Pt- 

20 Au alloy or R having a high activity for desorbing oxy- 
gen molecules is covered witii the porous surface elec- 
trode layer formed of an inactive metal having a low 
combustion catalytic activity toward a cont)ustib!e gas 
component. This structure allows for a convenient 

25 adjustment to decrease the combustion catalytic activity 
toward a combustible gas component to the extent pos- 
sible, while maintaining a sufficient level of oxygen mol- 
ecule desorption activity. 

[0032] In the present invention, the surface electrode 

30 layer is preferably formed of an Au-containing porous 
metal that has a considerably low comtiustion catalytic 
activity toward CO or HC and some degree of catalytic 
activity for desorption and recombination of oxygen mol- 
ecules. Alternatively, a porous metal containing Ag as a 

35 main component, a porous R-Au alloy (Au content: 5 
wt% or more), a porous R-Pb alloy (Pb content: 1 wt.% 
or more), a porous R-Ag alloy (Ag content: 1 wt.% or 
more), a Porous R-Ni alloy (Ni content: 1 wt%or more), 
arxi the like may be used. 

40 [0033] The surface electrode layer and the main elec- 
trode layer may be arranged such tiiat these layers are 
into indirect contact with each other via one or more 
other layers. However, the use of a two-layer structure 
comprising the main electrode layer and the surface 

45 electrode layer simplifies tiie manufacturing process. In 
tills case, when the surface electrode layer is formed of 
an Au-containing porous metal that contains Au as a 
main component, the remarkable effect of suppressing 
the combustion catalytic activity toward a comtxjstible 

so gas component can be obtained, while a sufficient level 
of oxygen molecule desorption activity is also main- 
tained. 

[0034] The above-described multilayer electrode is 
advantageously employed as the third electrode of tiie 
55 oxygen pump which does not require a sharp respor^e 
to oxygen concentration. The above-described multi- 
layer electrode can be used as the first electrode of tiie 
oxygen concentration cell element- However, in order to 
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further improve accuracy in detecting the oxygen con- 
centration within the first processing space using the 
oxygen concentration cell element, the first electrode is 
preferably formed of Pt. a R-Au alloy or a R-Ag alloy. In 
this case, because combustion of a combustible gas 5 
component that is caused by the first electrode within 
the first processing space can be suppressed by mak- 
ing the area of the first electrode smaller than that of the 
third electrode, the loss caused by combustion of the 
comtxjstible gas component within the first processing lo 
space can be decreased, so that the sensor sensitivity 
can be further increased. 

[0035] When a Pt-Au alloy or a R-Ag alloy is used as 
the first electrode. Au or Ag is added in order to sup- 
press the combustion catalytic activity toward CO or is 
HC- In this case, when the Au or Ag content exceeds 1 
wt.%, the oxygen molecule desorption activity 
decreases excessively, resulting in a deteriorated oxy- 
gen concentration detection performance. By contrast, 
when the Au or Ag content is less than 1 wt.%. almost 20 
no effect of suppressing the combustion catalytic activ- 
ity is expected. Au and Ag may be added together to R 
such that their total content does not exceed 1 wt.%. 
[0036] When detection selectivity for hydrocarbon 
among various combustit>le gas components must be 25 
improved, components having a higher combistion 
activity than hydrocartx>n are preferably txjrned more 
readily than the hydrocart)on to be detected. In this 
case, as described above, the oxygen concentration 
within the first processing space as measured by the 30 
oxygen concentration detection element is adjusted. 
Furtiiermore. the combustion catalytic activity of first 
electrode or tiie third electrode exposed to tiie first 
processing space arKi the temperature within the first 
processing space are important factors in Improving the 35 
measurement selectivity. When the third electrode is 
formed of the above-described multilayer electrode hav- 
ing a relatively low combustion catalytic activity and the 
first elect-ode is formed of R or a R alloy having a high 
comtxjstion catalytic activity, a tiydrocart>on component 40 
(e.g., methane) having a slightiy low combustion activity 
does not burn much, while components such as cartx>n 
monoxide, hydrogen and ammonia which have a higher 
combustion activity readily burn on the first electrode. 
As a result, an environment convenient for selective 45 
measurement of hydrocartxri components is created. 
When the temperature within the first processing space 
increases, the comtxjstion reaction proceeds easily, 
and the difference in corrtjustion catalytic activity 
k>etween electrodes made of different materials is not so so 
apparent This is disadvantageous for the selective 
measurement of hydrocartx)n conponents. However, 
when the tiiird eIecti*ode has the atK>ve-described mufti- 
layer sti-ucture. a considerably large difference in cata- 
lytic activity between the third electrode and the first ss 
electrode formed of R or tiie like is produced even at 
considerably high temperatures (e.g. 700 - 800*^0). so 
that selective detection of hydrocartx>n components can 



be performed effectively. 

[0037] When the third electrode is formed into the 
atx>ve-descrbed multilayer structure, the gas sensor of 
the present invention can be manufactured in accord- 
ance with a method comprising the following steps. 

(1) a substrate electrode layer forming step which 
comprises forming a substi^ate electrode pattern 
containing an unfired layer of material powder for 
the main electrode layer of the third electrode (here- 
inafter referred to as the "unfired main electrode 
layer") on an unfired compact of the oxygen-ion 
conductive solid electrolyte layer constituting said 
first oxygen pumping element (hereinafter referred 
to as the "unfired solid electrolyte conpact"), and 
integrally firing the unfired main electrode layer with 
tine unfired solid electrolyte compact at a first tem- 
perature to form on the oxygen-ion conductive solid 
electrolyte layer a sut>strate electrode layer contain- 
ing the main elecfrode layer; and 

(2) a surface elecfrode layer forming step whk^h 
comprises forming a layer of material powder for 
the surface electrode layer on the substrate elec- 
trode layer, and subjecting to secondary firing at a 
second temperature lower than the first tempera- 
ture to thereby form tie surface electrode layer. The 
layer of material power may be formed, for example, 
by applying a paste of the material powder onto the 
main electrode layer. 

[0038] Because tiie subsfate electrode layer contain- 
ing the main elect-ode layer is formed of a high-melting 
point metal such as R or a R-Au or R-Ag alloy having 
the above-described composition, the sut)strate elec- 
trode layer can be fired concurrently with a solid elect-o- 
tyte ceramic, such as zirconia, ttiat constitutes the main 
portion of each element However, when the surface 
electrode layer is formed of an Au-containing metal, 
which has a low melting pdnt. maintairang the porous 
state of the sii^sfrate electrode layer becomes difficult 
when it is fired together with a solid electrolyte ceramic. 
In addition. Au diffuses into tiie sid>st^ate elect-ode 
layer, and therefore it becomes difficult to achieve tiie 
effect of suppressing the combustion catalytic activity. In 
order to solve this problem, the above-described proc- 
ess can be employed in which the surface electrode 
layer is suk>jected to secondary firing at a tenperature 
lower than that used for integrally firing ttie substrate 
electrode layer and tiie solid electrolyte layer. This is to 
bond the surtece electrode layer to the substrate elec- 
trode layer by baking. Thus, a multilayer elect-ode hav- 
ing the desired performance is obtained. 
[0039] The components (e.g.. Au) of the surface elec- 
trode layer may cfiffuse into the main eiecf ode layer dur- 
ing the secondary firing or when the sensor is used at 
high temperature. For example, even if the main elec- 
trode layer is substantially formed of Pt. Au may diffuse 
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from the surface electrode layer into the main electrode 
layer so that Au constituting the main electrode layer is 
converted into a Pt-Au alloy If diffusion of the material of 
the surface electrode layer into the main electrode layer 
proceeds excessively, the thickness of the surface elec- 
trode layer becomes insufficient, or in an extreme case, 
the surface electrode layer disappears. For example, 
when the surface electrode layer is desirably formed 
mainly of Au and the nnain electrode layer is desirably 
formed mainly of Pt, the temperature for secondary fir- 
ing is preferably set to about 800 - 1050'C in order to 
prevent excessive diffusion of Au into the main elec- 
trode layer. When the secondary firing temperature is 
less than 800*'C. firing of the surface electrode layer 
becomes insufficient with the possibility of delamination 
of the surface electrode layer due to inadequate con- 
tact. By contrast, when the secondary firing tempera- 
ture is greater than 1050*'C, the thickness of the surface 
electrode layer becomes insufficient due to diffusion of 
the Au component, or firing proceeds excessively such 
that the porous structure is lost. In this case, the oxygen 
permeability that the porous electrode must have 
becomes difficult to nr^intain. When Au is mixed in the 
constituent metal of the main electrode layer in an 
amount of atx>ut 3-10 wt.% (for example, 1 0 wt.%) from 
the beginning, the diffusion of Au from the surface elec- 
trode layer into the main electrode layer can be sup- 
pressed because the extent of solid solution formation 
of Au into FX is relatively small (about 5 wt.%) at 800**C. 
Thus, the drawbacks such as a reduction in thickness of 
the surface electrode layer can be effectively avoided. 
[0040] In a preferred embodiment, the manufacturing 
method comprising the above-described secondary fir- 
ing step can be performed efficiently when the gas sen- 
sor of the present invention is constructed such that a 
pumping cell unit including the oxygen pumping ele- 
ment is formed separately from a sensor cell unit includ- 
ing the oxygen concentration detection element, the 
second processing space arKi the combustible gas 
component concentration detection element; and the 
pumping cell unit arxj the sensor cell unit are joined and 
integrated with each other via a bonding material. In this 
case, the pumping cell unit is manufactured by firing 
such that the substrate electrode layer is formed without 
forming the surface electrode layer; the secondary firing 
is performed in order to fonn tiie surface electrode layer 
on the substrate electrode layer of the punping cell unit; 
and the pumping cell unit is integrated with the sensor 
cell unit which has been separately manufactured 
through firing. Thus, the gas sensor Is obtained. Prefer- 
ably, a pump-cell-side fitting portion is formed in the 
pumping cell unit, and a sensor-cell-side fitting portion 
for engaging with the pump-ceil-side fitting portion is 
formed in the sensor cell unit In this case, positioning 
during joining can be easily performed by engaging the 
pump-ceil-side fitting portion and the sensor-cell-side 
fitting portion. Thus, the manufacturing efficiency of the 
sensor can be improved. 



[0041 ] For stabilizing the sensor output, the electrode 
(second electrode) of the combustible gas component 
concentration detection element exposed to the second 
processing space be is preferably positioned so as not 

5 to Interfere with or contact the secorKi gas passage. 
When the electrode is in contact with the second gas 
passage, combustion of a combustible gas component 
may be initiated before equilibrium is established 
between a measurement gas which is newly introduced 

10 into the second processing space from the first process- 
ing space and a gas which is already present in the sec- 
ond processing space. When such positional 
interference is avoided, the above phenomenon is less 
likely to occur, thereby stabilizing the sensor output. The 

75 oxygen concentration cell element or the combustible 
[0042] gas component concentration detection ele- 
ment may be formed of an oxygen-ion conductive solid 
electrolyte composed mainly of ZrOa (ZrOa solid elec- 
trolyte). In the oxygen concentration cell element 

20 formed of a ZrOa solid electrolyte, one elect-ode is in 
contact with a gas to be measured, which gas contains 
oxygen and a combustible gas component, while tiie 
other electrode is in contact with a reference atmos- 
phere having a constant oxygen concentration. The 

25 electromotive force of the oxygen concentration ceil ele- 
ment varies abruptly when the gas composition falls 
outside a stoichiometric composition in which oxygen 
and a combustit>le gas component are present in a 
proper ratio so that they completely react with each 

30 other. When an ordinary gasoline engine or diesel 
engine is operated urKler lean-burn conditions, a meas- 
urement gas emitted from the engine contains connbus- 
tible gas components in a total concentration of about 0 
to 1000 ppmC (ppmC: parts per million represented 

35 with cartxdn equivalent). A measurement gas having 
such a combustible gas component concentration is 
introduced into the first processing space, and the oxy- 
gen concentration of the thus introduced measurement 
gas is adjusted to 10"® atm (preferably 10'^ atm) or 

40 lower, as descrbed above. As a result, a gas introduced 
into the second processing space from the first process- 
ing space has a stoichiometric composition or a compo- 
sition shifted slightly toward a rich condition. Thus, the 
output from the combustible gas component concentra- 

45 tion detection element is increased, thereby improving 
the sensitivity of the gas sensor. 
[0043] When the oxygen pumping element, the oxy- 
gen concentration cell element and the combustible gas 
component concentration detection element are formed 

so of a Zr02 solid electrolyte as described above, a heating 
element may be provided for heating the elements to a 
predetermined working temperatijre. The working tem- 
perature may be set to SSO^C to TOO^C. When the work- 
ing temperature is in excess of TOO^'C. the output 

55 current value of the combustible gas component con- 
centration detection element becomes excessively low. 
causing a reduction in sensitivity of tiie gas sensor. This 
is considered to occur because most of the combustit^le 
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gas component, such as an HC component contained in 
a measurement gas, is bumed in the first processing 
space due to the high working temperature. By contrast, 
when the working temperature is lower than esO'^C. the 
internal resistance of the oxygen pumping element 5 
increases, causing unstable operation. As a result, 
accuracy in measuring a combustible gas component 
may be reduced. 

[0044] As described above, in the gas sensor and the 
gas sensor system of the present invention, the oxygen 10 
concentration detection element may be an oxygen con- 
centration cell element formed of an oxygen-ion con- 
ductive solid electrolyte having electrodes formed on 
both surfaces thereof, wherein one electrode (the first 
electrode) serves as a detection electrode and is is 
exposed to the first processing space, while the other 
electrode serves as an oxygen reference electrode. In 
this case, the oxygen reference electrode may be used 
as an ^ectrode of the combustible gas component con- 
centration detection element having anotfier electrode 20 
(second electrode) that is exposed to the second 
processing space. This arrangement enables the oxy- 
gen concentration cell element and the combustible gas 
component concentration detection element to share 
the oxygen reference electrode, to thereby implement a 25 
compact sensor 

[0045] More specifically, the first processing space 
and the second processing space may t>e arranged 
such that a partition wall formed of an oxygen-ion con- 
ductive solid electrolyte is disposed therebetween. In 30 
this case, the second gas passage is formed in the par- 
tition wall so as to establish communication between the 
first processing space and the second processing 
space. An oxygen reference electrode is embedded in 
the partition wall at a thicknesswise intermediate por- 3S 
tion. The first electrode is formed on the partition wall so 
as to t>e exposed to the first processing space. The oxy- 
gen concentration cell elenrtent is formed by the first 
electrode, the oxygen reference electrode and a portion 
of the partition wall interposed between the first elec- 40 
trode and the oxygen reference electrode. Also, the sec- 
ond electrode is formed on the partition wall so as to be 
exposed to the second processing space. The condbus- 
tible gas component concentration detection element is 
formed by the second electrode, ttie oxygen reference 45 
electrode and a portion of tiie partition wall interposed 
between tiie second electrode and the oxygen refer- 
ence electrode. The oxygen purrping element is 
arranged opposite tiie partition wall with the first 
processing space disposed therebetween. This so 
arrangement enables the oxygen concentration detec- 
tion element and tiie contxjstible gas corrQx>nent con- 
centration detection element to share the oxygen 
reference electrode, to thereby implement a compact 
sensor. 55 
[0046] The oxygen reference electrode of the oxygen 
concentration cell element may be a self-generation 
type oxygen reference electrode in which a very small 



pumping current is applied between the detection elec- 
trode and the oxygen reference electrode in a direction 
such that oxygen © pumped toward the oxygen refer- 
ence electrode side. As a result, a reference oxygen 
concerrtration of a predetermined level is established 
within the oxygen reference electrode by the pumped-in 
oxygen. This structure stabilizes the oxygen concentra- 
tion at the oxygen reference electrode side, and allows 
for a more accurate measurement of the oxygen con- 
centration. 

[0047] Also, when the oxygen concentration cell ele- 
ment and the comkxjstible gas component concentra- 
tion detection element share the oxygen reference 
electrode and the oxygen reference electrode is 
designed to function as a self-generation type oxygen 
reference electrode, a current limit circuit is preferat>ly 
provided to limit within a pred^ermined range the cur- 
rent flowing between the second electrode and the oxy- 
gen reference electrode. More specifically, the current 
limit circuit is designed to limit within a predetermined 
range the current flowing from the second electrode to 
the oxygen reference electrode. 
[0048] Namely, the fact that a cun^ent flows from the 
second electrode to the oxygen reference electrode 
means that oxygen flows out from ttie oxygen reference 
electrode toward the second electrode. This is because 
tile oxygen-ion conductive solid electrolyte Is interposed 
between these electrodes. If the current flow is exces- 
sive, a large amount of oxygen flows out from the oxy- 
gen reference electrode, such that the oxygen reference 
electrode cannot maintain the required oxygen concen- 
tration. As a result, proper operation of the oxygen con- 
centration cell element or proper control of the oxygen 
concentration within the first processing space 
becomes difficult, resulting in a decrease in the detec- 
tion accuracy of the sensor. However, this drawfc>ack can 
be avoided by provicfing the above-described current 
limit circuit. 

[0049] Furthermore, the current limit circuit may be 
designed to limit within a predetermined range the cur- 
rent flowing from the oxygen reference elect^ode to the 
second electrode. If the current flow is excessive, a 
large amount of oxygen flows into the oxygen reference 
electrode. As a result the pressure witiiin the oxygen 
reference electrode becomes excessively high such 
that the electrode may break. However, this problem 
can be avoided by providing the above<lescrit)ed cur- 
rent limit circuit. 

[0050] In this case, at least either the oxygen refer- 
ence elect-ode or the second elect^ode is preferably 
formed in or on the partition wall at a position so as not 
to contact the second gas passage. More preferably, 
both of the oxygen reference electrode arrcl the second 
electrode are positioned so as not to contact the second 
gas passage. Positioning the second elecfrode in such 
a manner yields the aforementioned advantage. Also, 
positioning tiie oxygen reference electrode In such a 
manner prevents leakage of oxygen from the oxygen 
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reference electrode through the second gas passage, 
thereby stabilizing the oxygen reference concentration 
and thus stabilizing the sensor output which is indicative 
of the combustible gas component concentration. 
[0051] In the above gas sensor, the current flowing 5 
through the oxygen pumping element of the gas sensor, 
i.e., the oxygen pumping current, varies according to the 
oxygen concentration of the measurement gas! Accord- 
ingly, the oxygen pumping current is a measure of the 
oxygen concentration of the measurement gas. There- io 
fore, in the gas sensor system of the present invention, 
correction means may be provided for correcting the 
output off the comtsustible gas component concentration 
detection element based on the oxygen concentration 
of the measurement gas as determined by the oxygen is 
punping current. That is. as described above, the gas 
sensor system of the present invention is characterized 
as being less susceptible to the oxygen concentration of 
a measurement gas. Nevertheless, when the oxygen 
concentration causes variations in the output, such var- 20 
iations can be connected by the confection means, 
thereby further improving accuracy in measuring a com- 
t>ustible gas concentration. 

[0052] Specifically, the correction means may include 
storage means and correction value determination 25 
means. The storage means stores information regard- 
ing the relationship between the output current of the 
combustible gas component concentration detection 
element and the combustible gas component concen- 
tration, relative to various values of oxygen concentra- so 
tion (or values of oxygen pumping current). The 
correction value determination means determines a 
corrected output current (or a corresponding combusti- 
ble gas component concentration) based on the output 
current of the combustik>le gas component concentra- 3S 
tion detection element and the above information. Thus, 
the measured combustible gas component concentra- 
tion can be corrected to take into account the oxygen 
concentration of the measurement gas. 
In the following, the present invention will be described 4o 
in detail with reference to the drawings, in which 

FIG. 1(a) is a sectional front view showing a gas 
sensor according to a first ernt>odiment of the 
present invention, FIG. 1(b) is a sectional view 4S 
taken along line A- A, and FIG. 1(c) is a sectional 
view taken along line B-B. 

FIG. 2 is a sectional view showing an example con- 
nection between an electrode lead and a terminal. 
FIGS. 3(a) and 3(b) are explanatory views illustrat- so 
ing a process of forming a processing space in the 
gas sensor of FIG. 1 . 

FIGS. 4(a) and 4(b) are explanatory views illustrat- 
ing the process of forming the processing space in 
the gas sensor of FIG. 1. 55 
FIG. 5 is a block dBagram showing a circuit configu- 
ration example of a gas sensor system using the 
gas sensor of FIG. 1 . 



FIG. 6 is an explanatory diagram showing a con- 
tents example of a concentration conversion table. 
FIG. 7 is a flow chart showing the process flow of a 
control program of the gas sensor system of FIG. 5. 
FIGS. 8(a) and 8(b) are schematic diagrams show- 
ing applications of the gas sensor of the present 
invention. 

FIG. 9 is a view showing another example of a con- 
centration conversion table. 
FIG. 1 0 is a graph showing sensor output as a func- 
tion of methane concentration obtained in the 
experiment of Example 1 . 

FIG. 1 1 is a graph showing the methane concentra- 
tion obtained in the experiment of Exanple 1 . 
FIG. 12 is a graph showing the influence of water 
vapor concentration on the sensor output obtained 
in the experiment of Example 2. 
FIG, 13 is a graph showing the effect of water vapor 
concentration on the sensor output obtained in an 
experiment of the Comparative Example for com- 
parison with Example 2. 

FIG. 14 is a graph showing the effect of oxygen 
concentration in the first processing space on sen- 
sor sensitivity obtained in the experiment of Exam- 
ple 3. 

FIGS. 15(a) and 15(b) are graphs showing the 
effects of element temperature on sensor output 
and the oxygen pumping voltage obtained in the 
experiment of Example 4. 

FIG. 16 is a graph showing the effect of nitrogen 
nnonoxide concentration of a test gas on the sensor 
output obtained in the experiment of Example 5. 
FIG. 1 7 is a graph showing the effect of water vapor 
concentration of a test gas on the sensor output 
obtained in the experiment of Example 6. 
FIG. 18 is a graph showing the effect of carbon 
monoxide concentration of a test gas on the sensor 
output obtained in the experiment of Example 7. 
FIG. 19 is a graph showing the effect of hydrogen 
concentration of a test gas on the sensor output 
otstatned in the experiment of Example 8. 
FIG. 20 is a graph showing the effect of oxygen 
concentration of a test gas on the sensor output 
obtained in the experiment of Example 9. 
FIGS. 21(a) and 21(b) are graphs showing the 
effect of nitrogen monoxide concentration of a test 
gas on the sensor output, and the relationship 
between that effect and the voltage applied to the 
combustible gas conponerrt concentration detec- 
tion element obtained in the experiment of Exanrple 
10. 

FIG. 22 is a circuit diagram showing an example of 
a sensor peripheral circuit having a cun-ent limit cir- 
cuit 

FIG. 23 is a circuit diagram showing the use of a 
diode to sirr^lify the current limit circuit. 
FIG. 24 Is a sectional view showing a modification 
of the sensor of FIG. 1 . 
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FIG. 25 is a sectional view showing another modifi- 
cation of the sensor of FIG. 1 . 
FIG. 26(a) is a sectional view showing a gas sensor 
according to a second embodiment of the present 
invention; s 
FIG. 26(b) is a sectional view taken along line A-A; 
and 

FIG. 26(c) is a sectional view taken along line B-B. 
FIG. 27 is an exploded perspective view showing 
the gas sensor of FIG. 26 and a rear view of a io 
pumping cell unit. 

FIGS. 28(a). 28(b) and 28(c) are schematic views 
showing structures of the tNrd electrode of the gas 
sensor of FIG. 26. 

FIG. 29 is an exploded perspective view sfx>wing a is 
method of manufacturing the pumping ceD unit of 
the gas sensor of FIG. 26. 
FIG. 30 is an exploded perspective view showing a 
method of manufacturing the sensor cell unit of the 
gas sensor of FIG. 26. so 
FIGS. 31(a). 31(b) and 31(c) are characteristic X- 
ray images of a section of the third electrode of a 
sensor used in Example 11. corresponding to Pt 
Au and Zr obtained by EPMA (before aging). 
FIGS. 32(a). 32(b) and 32(c) are characteristic X- 25 
ray Images of a section of the third electrode of a 
sensor used in Example 11, corresponding to Pt 
Au and Zr obtained by EPMA (after aging). 

[0053] Various errtodiments of the present invention 30 
will now be described with reference to the drawings 
and Exanples, however, the present invention should 
not be construed as being limited thereto, but as defined 
t>y the claims. 

35 

Rrst Embodiment: 

[0054] FIG. 1 shows a gas sensor 1 according to an 
embodiment of the present invention. The gas sensor 1 
includes a first heater 2. an oxygen pumping element 3. 40 
an oxygen concentration cell element (oxygen concen- 
tration detection element) 4. a combustik)le gas compo- 
nent concentration detection element 5. a shield 
member 6. and a second heater 8. These elements of 
the gas sensor 1 are in the shape of an elongated sheet 4S 
and an-anged in layers in this order so as to be inte- 
grated into a single unit A first processing space 9 is 
formed between the oxygen pumping element 3 and the 
oxygen concentration cell element 4. A second process- 
ing space 10 is fbnmed between the combustS)le gas 
component concentration detection element 5 and the 
shield member 6. That is. the oxygen pumping element 
3 and the oxygen concentration cell element 4 form a 
main portion of a first processing space, and the com- 
bustible gas component conc&itration detection ele- 
ment 5 and the shield member 6 form a main portion of 
a second processing space. 

[0055] The elements 3 to 5 and the shield member 6 



are formed of a solid electrolyte having oxygen-ion con- 
ductivity. A typical example of such a solid electrolyte is 
a Zr02 solid solution and Y2O3 or CaO. Anotiier exam- 
ple is a solid solution of Zr02 and an oxide of an alkaline 
earth metal or of a rare earth metal. Zr02 serving as a 
base material may include Hf02. The present embodi- 
ment employs a solid electrolyte ceramic of ZrOg 
otrtained through solid solution of Y2O3 or CaO. The 
first and second heaters 2 and 8, respectively, are 
known ceramic heaters and are adapted to heat the ele- 
ments 3 to 5 to a predetermined working temperature 
(650*»C to 700**C). An insulating layer (not shown in FIG. 
1 ; an insulating layer 260 is shown in FIG. 3) is inter- 
posed between the elements 3 to 5 and tiie shield mem- 
ber 6. The insulating layer is primarily formed of AI2O3. 
The laminated sensor structure is formed by laminating 
and subsequent firing of ceramrc green sheets (ceramic 
moldings), which become the elements 3 to 6. 
[0056] First gas passages 1 1 are formed at both side 
wall portions of the first processing space 9 so as to 
establish communication between the first processing 
space 9 and an external atmosphere to be measured. 
Located on both widtiiwise sides of the first processing 
space 9 as shown in FIG. 1 (b). the first gas passages 1 1 
are interposed between and extend along the oxygen 
pumping element 3 and the oxygen concentration cell 
element 4 in a longitudinal direction of the elements 3 
and 4. The first gas passage 1 1 is formed of a porous 
ceramic body having communicating pores, which 
ceramic txxJy is a porous fired body of AI2O3 or the like. 
Thus, the first gas passages 1 1 serve as diffusion-con- 
trolling passages for introducing a measurement gas 
into the first processing space 9 from the outside while 
a constant diffusion resistance is maintained. 
[0057] The oxygen concentration cell element 4 and 
the comtHistible gas component concentration detection 
element 5 are arranged in adjacent layers. A partition 
wall 12. formed of an oxygen-ion conductive solid elec- 
trolyte, is interposed t>etween the first processing space 
9 and the second processing space 10. In other words, 
the first and second processing spaces 9 and 10. 
respectively, are arranged with tiie partition wall 12 
interposed therebetween. A second gas passage 13 is 
formed in the partition wall 1 2 so as to establish commu- 
nication between the first processing space 9 and the 
second processing space 10. An oxygen reference 
electrode 14 is embedded in the partition wall 12 at a 
ttiicknesswise intermediate portion. As in the case of 
tiie first gas passages 1 1 . the second gas passage 1 3 is 
formed of a porous ceramic body and serves as a diffu- 
sion-controlling passage for introducing a gas into tiie 
second processing space 10 from the first processing 
space 9 while maintaining a constant diffusion resist- 
ance. The first and second gas passages 11 and 13. 
respectively, may assume the form of small holes or slits 
instead of being formed of a porous ceramic body (or a 
porous metallic body). 

[0058] A first electi^ode 15 is formed on the partition 
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wall 12 so as to be exposed to the first processing 
space 9. A main portion of the oxygen concentration cell 
element 4 includes the first electrode 15, the oxygen ref- 
erence electrode 14 and a portion 12a of the partition 
wall 12 interposed between the electrodes 15 and 14. A 
second electrode 16 is formed on the partition wail 12 
so as to be exposed to the second processing space 10. 
A main portion of the combustible gas component con- 
centration detection element 5 includes the second 
electrode 16, the oxygen reference electrode 14 and a 
portion 12b of the partition wall 12 interposed between 
the electrodes 16 and 14. Also, the oxygen pumping 
element 3 has electrodes 19 and 20 formed on t>oth sur- 
faces thereof. The electrodes 14 and 15 are positioned 
so as to be shifted from each other in a longitudinal 
direction of the oxygen concentration ceil element 4. 
[0059] The electrodes 14 to 16. 19 and 20 have a 
reversible catalytic function (oxygen desorption related 
catalytic function), which catalyzes a desorption reac- 
tion for desorbing oxygen molecules therefrom in order 
to introduce oxygen into solid electrolytes of the ele- 
ments 3 to 5, and a recombination reaction for recom- 
bining with oxygen in order to make the solid 
electrolytes release oxygen. Materials for the electrode 
19 of the oxygen pumping element 3 and the first elec- 
trode 15 of the oxygen concentration cell element 4, 
which electrodes 19 and 15 are exposed to the first 
processing space 9, and that for the second electrode 
16 of the combustible gas component concentration 
detection element 5. which electrode 16 is exposed to 
the second processing space 10, are selected such that 
the electrodes 19 and 15 have lower catalytic activity 
with respect to oxidation (i.e., combustion) of a compo- 
nent to be measured, such as methane, than does the 
electrode 16. In the present embodiment the electrodes 
19 and 15 are formed of a R-Au alloy (for example, an 
alloy of Pt and 1% by weight of Au), and other elec- 
trodes are formed of R. These porous electrodes are 
formed in the following manner. In order to improve 
adhesion between an electrode and a suk>strate formed 
of a solid electrolyte ceramic, a metal or alloy powder 
serving as an electrode material is mixed with an appro- 
priate amount of solid electrolyte ceramic powder simi- 
lar to that used as the material for the substrate. The 
resulting mixture is formed into a paste. By using the 
paste, an electrode pattern is printed on a ceramic 
green sheet serving as a substrate, followed by firing. 
The electrodes 19 and 15 having lower oxidation- 
related catalytic activity may be formed of Au or a like 
metal which has an oxidation-related catalytic activity 
that is lower than that of a R-Au aJloy. However, 
becai^e a R-Au alloy and a solid electrolyte ceramic of 
Zr02 can be concurrently fired, the manufacturing effi- 
ciency of the gas sensor 1 is improved. 
[0060] As shown in FIG. 1 . electrode leads 14a to I6a, 
19a and 20a are integrally formed with the electrodes 
14 to 16. 19 and 20. respectively, of the elements 3 to 5, 
and extend along a longitudinal direction of the ele- 



ments 3 to 5 toward a sensor end portion. At the sensor 
end portion, ends of connection terminals 14b to 15b, 
19b and 20b are embedded in the elements 3 to 5. As 
illustrated in FIG. 2, which representatively shows the 

5 electrode lead 20a, each connection terminal (20b) is 
electrically connected to an end portion of each elec- 
trode lead (20a) by means of a conductor (20c). The 
conductor (20c) is formed in the element thickness 
direction by sintering a metallic paste. 

10 [0061 ] As shown in FIG. 1 , the oxygen reference elec- 
trode 14 and the second electrode 16 of the combusti- 
ble gas component concentration detection element 5 
are positioned so as not to contact the second gas pas- 
sage 13. This feature further stabilizes the sensor out- 

15 put indicative of combustible gas component 
concentration. The first electrode 15 of the oxygen con- 
centration cell element 4 overlaps the second gas pas- 
sage 1 3. In order to permit gas flow, a through-hole 15h 
is formed in the first electrode 15 at a position corre- 

20 spending to the second gas passage 1 3. 

[0062] As shown in FIG. 3(b). in the first processing 
space 9 and the second processing space 10, supports 
210 are formed in a scattered or staggered manner to 
thereby prevent the collapse of the spaces 9 and 10 dur- 

25 ing firing. The process of forming such a space struc- 
ture will be described, taking the first processing space 
9 as an example. As shown in FIG. 3(a), using a 
ceramic powder paste (for example, a paste of porous 
AI2O3 powder), support patterns 266a are formed on a 

30 ceramic green sheet 220 in a region for defining the first 
processing space 9. The ceramic green sheet 220 will 
be formed into the oxygen pumping element 3, Like- 
wise, support patterns 266b are formed on a ceramic 
green sheet 230 in a region for defining the first 

35 processing space 9. The ceramic green sheet 230 will 
be formed into the oxygen concentration cell element 4. 
The support patterns 266a arxi 266b will be formed into 
supports 210. By using a paste nnaterial (for example. 
cartK>n paste) which will be burned or decomposed dur- 

40 ing firing, auxiliary support patterns 267a are formed on 
the ceramic green sheet 220 in a region for defining the 
first processing space 9 so as not to overlap the support 
patterns 266a. Likewise, auxiliary support patterns 
267b are formed on a ceramic green sheet 230 in a 

45 region for defining the first processing space 9 so as not 
to overlap the support patterns 266b. Furthermore, 
using AI2O3 powder paste, an insulating layer pattern 
serving as a tx}nding coat 269 is formed between the 
ceramic green sheets 220 and 230 in a region other 

50 than the region for defining the first processng space 9. 
The thickness of the insulating layer pattern is made 
smaller than that of the supports 210. Although not 
shown in FIG. 3. by using a paste of porous AI2O3 pow- 
der, communicating-portion pattems are formed on tx)th 

55 Sides of the region for defining the first processing 
space 9. Once fired, the communicating-portion pat- 
terns will become the first gas passages 1 1 . 
[0063] The thus-prepared assemt)ly of the ceramic 
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green sheets 220 and 230 is subjected to firing. As a 
result, as shovwi in FIG. 3(b). the support patterns 266a 
and 266b are united into the supports 21 0 between the 
oxygen pumping element 3 and the oxygen concentra- 
tion cell element 4. whereas the auxiliary pattems 267a 5 
and 267b disappear. The first processing space 9 is 
formed, while its size is maintained by the supports 21 0. 
As shown in FIG. 1(b), porous ceramic bodies form the 
first gas passages 1 1 on both widthwise sides of the first 
processing space 9. The oxygen concentration cell ele- w 
ment 4 and the oxygen pumping element 3 are bonded 
together in a region other than the first processing 
space 9 by means of the bonding coat 269 serving as 
the insulating layer 260. 

[0064] As shown in Fl<3. 4. the support pattems 266a is 
(266b) and the auxiliary support pattern 267a (267b) 
are complementarily formed to thereby form a substan- 
tial plane. When the green sheets 220 and 230 are 
superposed on each other as shown in FIG. 3(a). the 
reinforcing effect of the auxiliary support patterns 267a 20 
and 267b prevents or suppresses the collapse of the 
support patterns 266a and 266b butting against each 
other. As exaggeratedly shown in FIG. 3(a). even when 
the bonding coat 269 is made considerably thinner than 
the total thickness of the support patterns 266a and 25 
266b, the green sheets 220 and 230 can be bonded 
together by means of the interposed tx>nding coat 269. 
Because the green sheets 220 and 230 are f lexible, the 
bonding can be estat>lished through slight flexure 
thereof. Thus, the green sheets 220 and 230 can be 30 
smoothly fired into a single unit. 
[0065] Next, an embodiment of a gas sensor system 
using the above gas sensor 1 is described as follows. 
[0066] FIG. 5 shows an example of an electrical block 
diagram of a gas sensor system (hereinafter referred to as 
as the "sensor system") using the gas sensor 1. Specif- 
ically, the gas sensor system 50 includes the gas sensor 
1, a microprocessor 52 and a peripheral circuit 51 for 
connecting the gas sensor 1 to the microprocessor 52. 
The microprocessor 52 is a main portion of an output 40 
conversion unit and includes an I/O port 56 serving as 
an input/output interfoce. a CPU 53. a RAM 54, a ROM 
55. etc. The CPU 53, the RAM 54. the ROM 55. and the 
like are connected to the I/O port 56. The RAM 54 has a 
work area 54a for the CPU 53. and a storage area 54b 4S 
for storing calculated values of conponent concentra- 
tion. The ROM 55 contains a control program 55a and 
an HC concentration conversion table 55b. The control 
p)rogram 55a is used for controlling the gas sensor sys- 
tem 50 in computing a component concentration and in so 
outputting the computed component concentration. The 
CPU 53 serves as concentration determination means, 
and determines a component concentration according 
to the control program 55a stored in the ROM 55. 
[0067] In the gas sensor system 50. the gas sensor 1 ss 
operates In the following manner. The gas sensor 1 is 
heated to a predetermined working tenperature by 
means of the first heater 2 and the second heater 8 



(either of the heaters may be omitted). The working 
tenperature is a temperature at which the Zr02 solid 
electrolyte forming elements 3 to 5 are activated. While 
the gas sensor 1 is heated at its working tenperature. 
an exhaust gas. which is a measurement gas. is intro- 
duced into the first processing space 9 through the first 
gas passages 1 1 . The oxygen concentration cell ele- 
ment 4 measures the oxygen concentration of the intro- 
duced measurement gas. Based on the measured 
oxygen concentration, the oxygen punping element 3 
pumps out oxygen from or punps oxygen into the gas 
contained in the first processing space 9 such that the 
oxygen concentration detected by the oxygen concen- 
tration cell element 4 approaches a predetermined tar- 
get value set within a range of 10""*^ atm to 10"® atm 
(preferably 10"^^ atm to 10*® atm), in other words, to a 
predetermined target value at which water vapor con- 
tained in the measurement gas is not substantially 
decomposed. Generally, the oxygen concentration of a 
measurement gas is higher than the above target value. 
In that case, the oxygen pumping element 3 operates so 
as to reduce the oxygen concentration of the first 
processing space 9. When the oxygen concentration 
measured by the oxygen concentration cell element 4 
falls within the range of 10'^^ atm to 10*^ atm. the con^e- 
sponding concentration cell electromotive force of the 
oxygen concentration cell element 4 falls within the 
range of about 300 mV (corresponding to 10"® atm) - 
600 mV (corresponding to 10"^^ atm). 
[0068] After reducing the oxygen concentration to a 
predetermined value, the gas contained in the first 
processing space 9 fbws into the second processing 
space 10 through the second gas passage 13. Because 
the second electrode 1 6 has a higher oxidation related 
catalytic activity than the first electrode 15 toward a 
combustit>le gas oonrponent such as HC or the Kke. a 
combustible gas component of the gas contained in the 
second processing space 1 0 is bumed while the second 
electrode 16 serves as an oxidation catalyst. Thus, oxy- 
gen is consumed. The oxygen concentration of the sec- 
ond processing space 10 vairies according to oxygen 
consumption associated with the con^stion. I.e.. 
according to the concentration of a combustible gas 
component. 

[0069] A constant-DC-voltage regulated power source 
71 (FIG. 5) applies a constant voltage VC to the com- 
bustible gas component concentration detection ele- 
ment 5 via the electrodes 14 and 16. In the present 
enPodiment. the polarity of the applied voltage VC is 
set such that the electrode exposed to the second 
processing space 10. i.e.. the second electrode 16. 
becomes negative. The voltage VC is set to a value 
such that sufficient sensitivity is provided for reliably 
measuring a conPustible gas conponent concentra- 
tion. arKi suc^ that the partial pressure of oxygen in the 
second processing space 10 does not drop to a value 
which would initiate deconposition of nitrogen oxides 
(NOx) contained in the measurement gas. 
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[0070] The output current of the combustible gas com- 
ponent concentration detection element 5 varies 
according to oxygen consumption associated with com- 
bustion of a combustible gas component contained in 
the gas introduced into the second processing space 
10. Accordingly, the combustible gas component con- 
centration of the measurement gas can be determined 
from the output current. 

[0071] The circuit configuration and cperation of the 
gas sensor system 50 will be described in more detail 
with reference to FIG. 5. In the gas sensor 1 . the first 
electrode 15 of the oxygen concentration cell element 4 
and the electrode 19 of the oxygen pumping element 3 
exposed to the first processing space 9 are grounded 
through a resistor. The oxygen reference electrode 14 is 
connected to an input terminal of a differential amplifier 
57. The constant-DC-voltage regulated power source 
71 is connected to the combustible gas component con- 
centration detection element 5 so as to apply the volt- 
age VC to the element 5 via the electrodes 1 4 and 1 6 as 
described above. Thus, the electromotive force E of the 
oxygen concentration cell element 4 and the voltage VC 
are input in a superimposed manner to the above- 
described input terminal of the differential amplifier 57. 
[0072] A power circuit 58 is connected to the other 
input terminal of the differential amplifier 57. The power 
circuit 58 outputs to the differential amplifier 57 a target 
electromotive force EC corresponding to a target oxy- 
gen concentration value (in actuality, the set voltage is 
(EC + VC)). The differential amplifier 57 amplifies the 
difference between the electromotive force E of the oxy- 
gen concentration cell element 4 and the target electro- 
motive force EC, and inputs the amplified difference to 
the electrode 20 of the oxygen pumping element 3. 
Upon receiving the output from the differential amplifier 
57, the oxygen pumping element 3 pumps oxygen out 
from or into the first processing space 9 so that the elec- 
tromotive force E (corresponding to the oxygen concen- 
tration of the first processing space 9) approaches the 
target electromotive force EC. That is. the differential 
amplifier 57 serves as the oxygen pumping operation 
control means. The power circiit 58 may be configured 
such that the target electromotive force EC is fixedly set 
by a fixed voltage source or such that the target electro- 
motive force EC can be variably set. 
[0073] The oxygen concentration cell element 4 and 
the combustible gas component concentration detection 
element 5 share the common oxygen reference elec- 
trode 14. However, the constant-current regulated 
power source 72 causes a small DC current to continu- 
ously flow between the oxygen reference electrode 14 
and the first electrode 1 5 (or the second electrode 1 6) in 
a direction such that oxygen is pumped into the oxygen 
reference electrode 14. That is, the oxygen reference 
electrode 14 serves as a self-generation type reference 
electrode. This feature causes pores formed in the oxy- 
gen reference electrode 14 to be always filled with a ref- 
erence gas of near 100% oxygen. Thus, the 



electromotive force of the oxygen concentration cell ele- 
ment 4 and of the combustible gas component concen- 
tration detection element 5 is increased, thereby 
improving the measuring accuracy and the measuring 

5 sensitivity of the gas sensor 1 . 

[0074] The voltage applied by the constant-current 
regulated power source 72 is set such that the voltage 
becomes sufficiently smaller than the electromotive 
force E output from the oxygen concentration cell ele- 

10 ment 4, and such that the oxygen concentration of the 
oxygen reference electrode 14 becomes nearby 100%. 
[0075] The output current of the combustible gas com- 
ponent concentration detection element 5 is detected, 
for example, as the difference between voltages meas- 

75 ured at both ends of a resistor 70 for current measure- 
ment use. In tine present embodiment, the output 
current signal undergoes voltage conversion effected by 
a differential amplifier 60 (including an opei-ational 
amplifier 60a and peripheral resistors 60b to 60e), foi- 

20 lowed by anatog-to-digital conversion effected by an 
A/D converter 75. The thus-obtained digital signal is 
input to the microprocessor 52. 
[0076] The ROM 55 of the microprocessor 52 contai ns 
the control program 55a and the concentration conver- 
ts sion table 55b as described above. FIG. 6 shows an 
example of the contents of the concentration conversion 
table 55b. The table 55b contains values of detected 
current Idl . Id2, ld3. etc. of the combustible gas compo- 
nent concentration detection element 5 corresponding 

30 to values of combustible gas component concentration 
(for example, values of HC concentration) Cl. C2. C3, 
etc. These values are previously determined t>ased on 
experiments and the like. The CPU 53 (FIG. 5) canries 
out sensor output control as represented by the ftow- 

35 chart of FIG. 7 according to the control program 55a. 
using tiie RAM 54 as a work area. 
[0077] Specifically, the measurement timing is 
metered using an unillustrated timer. In step SI , when 
the time for measurement is reached, processing pro- 

40 ceeds to step S2. In step S2. the CPU 53 samples a 
detected current kJ of the conrdxjstible gas component 
concentration detection element 5. In step S3, the CPU 
53 calculates a combustible gas component concentra- 
tion corresponding to the sanpled value by interpolation 

45 while referencing the concentration conversion table 
55b of FIG. 6. In step S4. the CPU 53 stores tiie calcu- 
lated value into the calculated value storage area 54b of 
the RAM 54. The newly stored value overwrites a corre- 
sponding value stored previously in the area 54b. In 

so step S5, tiie CPU 53 outputs the newly written calcu- 
lated value from the I/O port 56 as information regarding 
the combustible gas compon^ concentration of the 
measurement gas. The output may be eitiier digital or 
analog. An analog output is obtained through digital-to- 

55 analog conversion effected by a D/A converter con- 
nected to the I/O port 56. 

[0078] In the thus-configured operational gas sensor 
system 50. the oxygen concentration of the measure- 
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ment gas introduced into the first processing space 9 is 
reduced to a predetermined value of 10"^^ atm to 10"® 
atm by operation of the oxygen pumping element 3. The 
thus-treated gas is introduced into the second process- 
ing space 10 and burned. The measured current Id of 
the combustible gas component concentration detection 
element 5 varies according to oxygen consumption 
associated with the combustion. Thus, the detected cur- 
rent Id is utilized as information regarding the combusti- 
ble gas component concentration of a measurement 
gas. By operation of the oxygen pumping element 3. the 
oxygen concentration of the first processing space 9 is 
adjusted to a value at which water vapor contained the 
measurement gas is not substantially decorrposed. 
Even when the decomposition reaction is initiated, the 
degree of the reaction is very small. Thus, an impair- 
ment in accuracy in measuring a combustifc^e gas com- 
ponent concentration is effectively prevented which 
would otherwise result from combustion of hydrogen 
generated from the decomposition of water vapor. 
[0079] Next, applications of the gas sensor 1 or the 
gas sensor system 50 will be described. FIG. 8(a) sche- 
matically shows an exhaust gas purification system of a 
gasoline engine. An oxygen sensor, a three way cata- 
lytic converter, and the gas sensor of the present inven- 
tion are attached onto an exhaust pipe in this order 
starting from the engine side. The oxygen sensor is 
used for air-fuel ratio control. The three way catalytic 
converter concurrently perfornrs oxidation of HC and 
reduction of NOx to thereby purify the exhaust gas. The 
gas sensor 1 functions as an oxygen sensor for measur- 
ing the oxygen concentration of the purified exhaust 
gas, which is descrbed below. The gas sensor 1 meas- 
ures the HC concentration of the purified exhaust gas. 
for example, in order to judge whether the catalyst is 
deteriorated. 

[0080] FIG. 8(b) schematically shows an exhaust gas 
purification system of a diesei engine. A light oil injec- 
tion valve and an NOx deconposition catalyst are 
attached onto an exhaust pipe in this order starting from 
the engine side. The light oil injection valve is used for 
injecting light oil serving as an HC source into an 
exhaust gas. The NOx decomposition catalyst decom- 
poses NOx into nitrogen and oxygen while using HC 
added through light oil injection as a reducer, thereby 
purifying the exhaust gas. Hie gas sensor 1 of the 
present inverrtion is disposed on the upstream side of 
the NOx decomposition catalyst and monitors the HC 
concentration of the fight-oO-injected exhaust gas in 
order to feedback-control the amount of light oil to be 
injected into the exhaust gas. 

[0081 ] In the gas sensor 1 . the oxygen concentration 
cell element 4 and the comixistible gas component con- 
centration detection element 5 are each formed of a 
ZrOa solid electrolyte. In the case of the oxygen concen- 
tration cell element formed of a Zr02 solid electrolyte 
and configured such that one electrode is in contact with 
a gas to be measured, which gas contains oxygen and 



a combustible gas component, whereas the other elec- 
trode is in contact with a reference atmosphere having a 
constant oxygen concentration, its electromotive force 
varies abruptiy when a gas composition falls outside a 

5 stoichiometric composition in which oxygen and a com- 
bustit^le gas component are present in a proper ratio so 
that they completely react with each otiier. When an 
ordinary gasoline engine or dieset engine is operated 
under lean-burn conditions, an exhaust gas emitted 

10 from the engine contains combustible gas components 
in a total concentration of about 0 to 1000 ppmC. A 
measurement gas having such a combustible gas com- 
ponent concentration is introduced into the first 
processing space 9, and the oxygen concentration of 

75 tiie introduced measurement gas Is adjusted to 1 0"^ atm 
(preferably 10'® afrn) or lower as described above. As a 
result, the gas irttroduced into the second processing 
space 1 0 from the first processing space 9 has a stoichi- 
ometric composition or a composition shifted slightiy 

20 toward a rich condition. Thus, the output electromotive 

force of the combustible gas component concentration ( 
detection element 5 is increased, thereby improving the 
sensitivity of the gas sensor 1 . 

[0082] In the gas sensor 1, as shown in FIG. 1. a 

25 porous metal layer 17 other than the second electrode 
16 may be formed on the shield member 6. which is cfis- 
posed opposite the partition wail 12 with respect to the 
second processing space 1 0 so as to be exposed to tiie 
second processing space 10. The porous metal layer 1 7 

30 may be formed of a metal, e.g.. Pt, having a higher cat- 
alytic activity with respect to comtxistion of a combusti- 
ble gas component than the electrodes 15 and 19. The 
thus-formed porous metal layer 17 serves as an oxida- 
tion catalyst section as well as the second electrode 1 6. 

35 This feature enhances the efficiency of burning a com- 
bustible gas conrponent in the second processing 
space 10. thereby improving the sensitivity of the gas 
sensor 1. When the porous metal layer 17 has a suffi- 
ciently high catalytic activity, the second electrode 16 

40 may be formed of a material having a relatively low cat- 
alytic activity, for example, a R-Au alloy, as in the case 
of the electrodes 15 and 19. 

[0083] In the gas sensor system 50, after the oxygen 
concemration of the first processing space 9 is reduced 

45 to a predetermined value, the comtxistible gas compo- 
nent concentration of the second processing space 10 
is measured. Accordingly, the detected output of the 
combustible gas component concentration detection 
element 5 is substantially less affected by the oxygen 

50 content of the measurement gas. However, when the 
detected output of the combustible gas component con- 
centration detection element 5 somewhat varies 
depending on the oxygen concentration of the measure- 
ment gas. the detected output may be corrected for the 

55 oxygen concerrtration, thereby further improving accu- 
racy in measuring a combustit>le gas component con- 
centration. 

[0084] In this case, the oxygen concentration of a 
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measurement gas may be measured using a separately 
provided oxygen sensor. However, because the current 
flowing through the oxygen pumping element 3. i.e., the 
oxygen pumping cun-ent Ip, varies substantially linearly 
with the oxygen concentration of a measurement gas, 5 
Information regarding the oxygen concentration of a 
measurement gas may be obtained from the pumping 
current Ip. This provides the advantage of dispensing 
with the need for another oxygen sensor. 
[0085] Specifically, as shown in FIG. 5. the resistor 73 10 
used for current measurement is provided in an output 
path of the differentia! amplifier 57. The pumping current 
Ip is detected by means of a differential amplifier 59 
(including an operational amplifier 59a and peripheral 
resistors 59b to 59e) in the form of the difference is 
between voltages as measured at both ends of the 
resistor 73. The thus-detected pumping current Ip is 
input to the microprocessor 52 via an A/D converter 74. 
As shown in FIG. 9, the concentration conversion table 
55b of the ROM 55 assumes the form of a two-dimen- 20 
sional table and contains groups of values of combusti- 
ble gas component concentration (for example, values 
of HC concentration) corresponding to values of 
detected current Idl, Id2, Id3. etc. of the con^ustitrfe 
gas component concentration detection element 5. The 2S 
groups of values of combustlt>le gas component con- 
centration are associated with various values of pump- 
ing current Ip (i.e., values of oxygen concentration), A 
combustible gas component concentration correspond- 
ing to a combination of a measured pumping current Ip 30 
and a measured output current Id is calculated with ref- 
erence to the concentration conversion table 55b using 
two-dimensional interpolation. The thus-obtained value 
is output as a corrected combustible gas component 
concentration. In this case, the contents of the concen- 3S 
tration conversion table 55b serve as information 
regarding the relationship between the output current 
and a combustible gas component concentration. The 
CPU 53 of the microprocessor 52 serves as the correc- 
tion means. 40 
[0086] In FIG. 5. the polarity of the output cunrent of 
the comtMJStible gas component concentration detection 
element 5 (i.e.. the current flowing between the second 
electrode 16 and the oxygen reference electrode 14) 
may become opposite that of the above voltage VC. 45 
depending on the relationship between the absolute 
value and polarity of the electromotive force of the oxy- 
gen concentration cell element 4 and the oxygen con- 
centration within the second processing space 10. This 
phenomenon will be described with reference to FIG. so 
22. The oxygen concentration within the second 
processing space 10 is always lower than that of the 
oxygen reference electrode 14. Thus, with the al)solute 
value of voltage of the power source 71 taken as VC 
and the absolute value of the oxygen concentration cell ss 
electromotive force of the comtxjstible gas component 
concentration detection element 5 taken as Ea, Id var- 
ies with (VC - Ea). When VC is equal to Ea, Id becomes 



substantially zero. When the combustible gas compo- 
nent concent- ation of a gas flowing into the second 
processing space 10 Increases with a resultant increase 
in the amount of oxygen to be consumed by combus- 
tion, the oxygen concentration cell electromotive force 
Ea increases. Id flows in a direction toward the oxygen 
reference electrode 14 (oxygen flows to the second 
electrode 16; the polarity of Id is defined as negative). 
By contrast, when the combustible gas component con- 
centration decreases, tine oxygen concentration cell 
etect^omotive force Ea decreases. Id flows in a direction 
toward tiie second electrode 16 (oxygen flows to tiie 
oxygen reference elecfrode 14; tiie polarity of Id is 
defined as being positive). 

[0087] In tiiis case, tiie oxygen concentration cell ele- 
ment 4 and ttie combustible gas component concentra- 
tion detection element 5 share the oxygen reference 
electrode 14. which is a self-generation type reference 
elect-ode. Accordingly, when Id flows in the negative 
direction and its absolute value is excessively high (i.e., 
with a negative limit value taken as - Idn (Idn > 0). Id < - 
Idn), a large amount of oxygen flows out from the oxy- 
gen reference electrode 14 into tiie second elect-ode 
16. Thus, the oxygen reference elecfrode 14 fails to 
maintain an oxygen concentration required for serving 
as an oxygen reference electrode. As a result, tine oxy- 
gen concentration cell element 4 fails to properly oper- 
ate, and consequently control of the oxygen 
concenfation within the first processing space 9 is dis- 
abled, resulting in irirpaired detection accuracy of the 
sensor 1. 

[0088] Meanwhile, when the concentration of hydro- 
carbon or a like conponent in exhaust gas from an inter- 
nal combustion engine is to be detected, a fuel cut or a 
like operation (performed, for example, in order to pre- 
vent overheating of the catalyst or to save fuel during 
deceleration with a throttle valve fully closed or in a like 
mode) may cause an excessive increase in the oxygen 
concentration of the exhaust gas to be measured. In this 
case, id fbws in the positive direction and its alDsolute 
value is excessively high (i.e., with a positive limit value 
taken as Idp (Idp > 0). Id > Idp). and a large amount of 
oxygen flows into tiie oxygen reference electrode 14. 
Thus, tiie internal pressure of tiie oxygen reference 
elect-ode 14 becomes excessively large, causing a 
problem such as breakage of ttie electrode. 
[0089] In order to avoid such problems, a current limit 
circuit is advantageously provided in a conductive pas- 
sage extending between the combustible gas compo- 
nent concentration detection element 5 and the 
constant-DC-voltage regulated power source 71. The 
current limit circuit hinders a flow of Id falling outside tiie 
range "-Idn < Id < Idp." FIG. 22 shows an example of tiie 
current limit circuit (the same featjres as those of the 
circuit of FIG. 5 are denoted by common reference 
numerals, and their detailed description is omitted). In 
FIG. 22. ttie constant voltage VC from the constant-DC- 
voltage regulated power source 71 is applied via a volt- 
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age follower 125 such that the oxygen reference elec- 
trode 14 becomes positive. Also, a cun-ent linnit circuit 
120 is provided on a current output passage extending 
from the second electrode 16. The constant-current reg- 
ulated power source 72 applies the source voltage AVcc 5 
to the oxygen concentration cell element 4 via a resistor 
72a that has a sufficiently large resistance as compared 
to the internal resistance of the oxygen concentration 
cell element 4 at the sensor operation temperature (for 
example. 1000 to 5000 times the internal resistance). 10 
As a result, a substantially constant small current lo is 
applied to the oxygen concentration cell element 4 in a 
direction such that oxygen is pumped out from the first 
processing space 9 into the oxygen reference electrode 

1*- 15 

[0090] In the current limit circuit 120. the current Id 
from the second electrode 16 is converted to a corre- 
sponding output voltage Vd by an operational amplifier 
127. The operational amplifier 127. together with resis- 
tors 1 27a and 1 27b. constitute a cun-ent-voltage conver* 20 
sion circuit (hereinafter, referred to as the current- 
voltage conversion circuit 127). The output voltage Vd is 
supplied to a voltage control point Pc. Zener diodes 129 
and 131 are connected to the voltage control point Pc. 
Voltages Vk and -Vk (Vk > 0) are applied to the Zener 2s 
diodes 1 29 and 131, respectively The Zener diodes 1 29 
and 131 are selected so as to have Zener voltages (Vk 
+ Vdn) and (Vk + Vdp) corresponding to current limits 
Idn and Wp. respectively The voltages Vk and -Vk are 
generated by conversion of a car t^attery voltage Vb by 30 
means of a DC-DC converter 135. 
[0091 ] When a voltage at the control point PC is about 
to exceed Vdp (i.e.. when the cun-ent Id is about to 
exceed Wp). the Zener diode 131 becomes conductive. 
Similarly, when the voltage at the control point PC is 3S 
about to drop below -Vdn, the Zener diode 129 
t>ecomes conductive. Thus, the current Id is controlled 
such that -Idn < kJ < Ic4>. The operational amplifier 133, 
together with resistors 133a and 133b. constitute an 
inversion amplifier for outputting Vd. 40 
[0092] When prevention of Id < -Idn alone aiffices, the 
bidirectional current limit drcuit 120 may be replaced 
with a unklirectional cunrent limit circuit. When preven- 
tion of W < 0 (i.e., prevention of leakage of oxygen from 
the oxygen reference electrode 14 to the second elec- 45 
trode 16) alone arffices. the current limit circuit 120 may 
be replaced with a diode 121 for shutting off current in 
the corresponding direction. 

[0093] Also, insofar as the reference potential of the 
oxygen reference electrode 14 (or the oxygen concen- so 
tration of the gas held in the voids of the oxygen refer- 
ence electrode 14) is maintained in a range tiiat 
guarantees proper measurement the polarity of the 
applied VC may be set opposite that of the above- 
described case. i.e.. such that oxygen is punrped from ss 
the oxygen reference electrode 14 into the second 
processing space 10. The oxygen reference electrode 
14 is a self-generation type electrode embedded in the 



partition wall 12. However, for example, as shown in 
FIG. 25. a reference space OR, into which the atmos- 
phere serving as a reference gas is introduced via an 
atmosphere communk^ation portion, is provkied In the 
partition wall 12. On the inner surfaces of the reference 
space OR an oxygen reference electrode 14s may be 
provkied associated with the oxygen concentration cell 
element 3, and an oxygen reference electrode 14p may 
be provided associated witii the comtMJStible gas com- 
ponent concentration detection element 5. Alternatively 
as shown in FIG. 24. self-generation type oxygen refer- 
ence electrodes 14s and 14p corresponding to the oxy- 
gen concentration cell element 3 and the combustible 
gas component concentration detection element 5, 
respectively, may be en^edded in the wall partition 12 
such that the electrodes 14s and 14p are isolated from 
each other by means of. for example, an insulating layer 
IR mainly composed of alumina or the like. In these 
cases, the polarity of the applied Vc may be set such 
that oxygen is pumped out from the second processing 
space 1 0 into the oxygen reference electrode 1 4 or such 
that oxygen is punped out from the oxygen reference 
electrode 14 into the second processing space 1 0. 

Second Emtxxjiment: 

[0094] A gas sensor 1 00 FIG. 26 shows a modif k:a- 
tion of the gas sensor shown in FIG. 1. Portions identi- 
cal to those of the gas sensor 1 are denoted by the 
same symbols, and detailed descriptions therefor are 
omitted. In the following description, the difference 
between the gas sensor 100 and the gas sensor 1 will 
mainly be described. In the gas sensor 1 00, a spacer 25 
similar to that shown in FIG. 3(b) is integrated with the 
first pumping element 3. Thus, the first processing 
space is formed by means of a space 25a of the spacer 
section 25 (FIG. 27). As showvn in FIG. 27. the entire 
sensor 100 is divkJed in two at an internee between the 
spacer 25 and the oxygen concentration cell element 4. 
Thus, as shown in FIG. 26, a pumping cell unit 1 1 1 is 
formed including the first pumping element 3. and a 
sensor cell unit 1 12 is formed including the oxygen con- 
centration cell element 4 (oxygen concentration detec- 
tion element), the second processing space (FIG. 26). 
tiie combustible gas component concentration detection 
element 5 and the shield member 6. The oxygen pump- 
ing el&nent 3. the oxygen concentration cell element 4 
arxj the spacer 25 form a main portion of the first 
processing space, while the combustflDle gas compo- 
nent concentration detection element 5 and tiie shieki 
member 6 form a main portion of the second processing 
space. 

[0095] As shown in FIG. 27. the pumping cell unit 1 1 1 
arxJ the sensor cell unit 112 are superposed on each 
ottier such that the third electrode 1 9 faces tiie first elec- 
trode 15. and are joined and integrated together using a 
bonding material such as glass applied to tiieir respec- 
tive superposition surfaces. Furthermore, at the wkith- 
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wise opposite sides of the superposition surface of the 
pumping cell unit 1 1 1 are formed rib-shaped fitting pro- 
jections 111a (pump-cell-side fitting portion) that extend 
along the edges of the pumping cell unit 111. The f itting 
portions 111a are fitted into the fitting depressions 1 1 2a 
(sensor-cell -side fitting portions) formed on the sensor 
cell unit 1 1 2 at corresponding portions for positioning 
during superposition. 

[0096] As shown in FIG. 28(a), the third electrode 19 
has a two-layer structure composed of a porous main 
electrode layer 151 and a porous surface electrode 
layer 152 that forms a surface portion of the third elec- 
trode 19. The main electrode layer 151 is formed of Pt or 
a R-Au alloy (in the present embodiment, substantially 
the entire portion is formed of FX). The surface electrode 
layer 152 is formed of an Au-containing metal that con- 
tains Au as a main component (in the present emtxxJi- 
ment. substantially the entire portion is formed of Au). 
The first electrode 15 shown in FIG. 27 is formed of a 
porous metal such as porous R or a porous Pt-Au alloy 
(Au content: not greater than 1 wt.%) On the present 
embodiment, substantially the entire portion is formed 
of R) as in the case of the other electrodes. 
[0097] Because the surface of the porous main elec- 
trode layer 51 formed of Pt which has a high activity of 
desorbing oxygen molecules, is covered with the porous 
surface electrode layer 152 formed of Au which has a 
low catalytic activity for combustion of a combustible 
gas component, tine catalytic activity for combustion of 
the combustible gas component within the first process- 
ing space can be decreased, while the activity of des- 
ortDing oxygen molecules is maintained at a sufficient 
level. Thus, a loss of a combustible gas component 
such as HC to be detected can k>e prevented such that 
the sensor sensitivity can be increased. In the case 
where substantially the entire portion of the main elec- 
trode layer 151 is formed of R and substantially the 
entire portion of the surface electrode layer 152 is 
formed of Au. ttie value of {WAu/(WR+WAu))x100 
preferably falls within the range of 2 - 20 wt.%. where 
WR is the R content by weight of the third electrode 19. 
and WAu is the Au content by weight of the third elec- 
trode 19. When tiiis value is less than 2 wt.%, the com- 
bustion catalytic activity of the third electrode 19 cannot 
be sufficientiy decreased, with a p>ossible result that the 
sensitivity of the sensor decreases. By contrast, when 
the value exceeds 20 wt.%, the catalytic activity of the 
third electrode 19 for desorption and recombination of 
oxygen molecules decreases excessively, with a possi- 
ble result that the function of the oxygen punping ele- 
ment 3 becomes insufficient. More fxeferably. the value 
falls within the range of 3 - 10 wt.%. 
[0098] A method shown in FIG. 28(b) may be used to 
form the surface electrode layer 152 on the main elec- 
trode layer 151. That is, a paste containing particles of a 
material for the surface electrode layer 152 is applied 
onto the fired main electrode layer 151 . and is then fired 
at a temperature lower than that used for the firing of the 



main electrode layer 151 . Alternatively, as shown in FIG. 
28(c), the surface electa^ode layer 152 may be formed 
using vapor-phase film formation such as vacuum dep- 
osition or sputtering. As shown in FIGS. 28(b) and (c). 

5 because many voids are formed in the porous main 
electrode layer 151 in a complex manner, the surface 
electrode layer 152 may not be formed such that its 
material fails to enter deeply into the voids P. In this 
case, parts of the main electrode layer 151 are not cov- 

10 ered by the surface electrode layer 152 and remain 
exposed. However, because such exposed portions 
exhibit a strong catalytic activity for desorption and 
recombination of oxygen molecules, ihe formation of 
such exposed portions is rather preferable in terms of 

75 securing the function of the oxygen punping element. 
[0099] An example process for manufacturing tiie 
pumping cell unit 111 and tiie sensor cell unit 112 
shown in FIGS. 26 and 27 will be described with refer- 
ence to FIGS. 29 and 30. FIG. 29 shows a laminate 

20 Structure of a first unf ired assembly 21 1 used for manu- 
facturing the pumping cell unit 111. The first unf ired 
assen^ly 211 includes a first portion 211a and a sec- 
orxl portion 21 lb. The first portion 21 la is mainly com- 
posed of a Zr02 green sheet (hereinafter referred to as 

25 a green ^eet) 220, which will become the first pumping 
element 3. The second portion 211b is mainly com- 
posed of a green sheet 231, which will serve as the 
spacer 25. The green sheet is formed by sheeting a 
kneaded mixture of a ZrOa p)Owder, a forming aid such 

30 as an organic birKler and an organic solvent. 

[0100] In the first portion 211a, by using an AI203 
paste or the like, insulating coats (insulating layer pat- 
terns) 221 and 222 for insulating the leads 20a and 19a 
from the first pumping element 3 are formed on the cor- 

35 responding surfaces of the green sheet 220 in regions 
other tiian those corresponding to the electrodes 20 and 
19 (FIG. 26). After the insulating coats 221 and 222 are 
formed, electrode patterns 223 and 224a for forming tiie 
electrodes 20 and 19 (only a main electrode layer 151 

40 for tiie electrode 19 (FIG. 28)) and the leads 20a and 
19a are formed by printing using a R paste or the like. 
A pattern 226 of porous alumina paste or the like, which 
will serve as a first gas passage 1 1, is provided on the 
pattern 224b. A protective over coat 225 is formed on 

45 the electa'ode pattern 223. which will serve as the outer 
electrode 20, using an AA2O3 paste or the like. 
[0101] In the second p>ortion 211b. insulating coats 
230 and 232 are formed on the corresponding surfaces 
of the green sheet 231 in a manner similar to that used 

50 for the first portion 21 1 a. A pattern 229, which will serve 
as a first gas passage 1 1 . is formed on the insulating 
coat 230 using an AI2O3 paste. Green sheets 234. 
vyfhich win serve as fitting projections 111a. are bonded 
onto the insulating coat 232 using bonding coats 233 

55 (formed from aluntina paste). 

[0102] The first portion 21 la and the second portion 
211b are fcx)nded together using a t>onding coat 228, 
while end portions of R-Rh alloy wires 227a arvi 227b, 
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which will serve as terminals of the electrodes 20 and 
19, are sandwiched between the portions 211a and 
211b. The thus-obtained first unfired assembly 211 is 
fired to obtain a pumping cell unit in which a surface 
electrode layer 1 52 (FIG. 28) of the third electrode 1 9 is 5 
not yet formed. Then, as shown in FIG. 29, by using an 
Au paste, a pattern 224b is printed on the fired main 
electrode layer at the corresponding position, followed 
by secondary metallization. In the secondary metalliza- 
tion, the printed pattern 224b is fired at a temperature w 
(for example. 850**C to lOOO^C) lower than a ceramics 
firing temperature. Thus, the multilayered third elec- 
trode 19 is formed, to thereby complete the pumping 
cell unit 111. 

[01 03] FIG. 30 shows a larrtinate structure of a second is 
unfired assembly 212 used for manufacturing the sen- 
sor cell unit 112. The second unfired assembly 212 
includes a first portion 212a and a second portion 212b. 
The first portion 212a is mainly composed of a green 
sheet 238, which will serve as a main portion of the oxy- 20 
gen concentration cell element 4. and a green sheet 
244, which will serve as a main portion of the combusti- 
ble gas component concentration detection element 5. 
The second portion 212b is mainly composed of a 
green dieet 253, which will serve as the shield member 2s 
6. 

[0104] In the first portion 212a, insulating coats 237 
and 239 for insulating the leads 15a and 14a from the 
first cell element 4 are formed on the correspondir^g sur- 
faces of the green sheet 238 in regions other than those so 
con^esponding to the electrodes 15 and 14 (FIG. 26). 
After the insulating coats 237 and 239 are formed, elec- 
trode patterns 236 and 240 for forming the electrodes 
15 and 14 and the leads 15a and 14a are formed by 
printing using a Pt paste or the like. Insulating coats 243 3S 
and 245 are formed on the corresponding surfaces of 
the green sheet 244. An electrode pattern 246 for form- 
ing the electrode 16 and the lead 16a is formed on the 
insulating coat 245. The thus-processed green she^ 
238 and 244 are bonded together using a bonding coat 40 
241 . Through-holes 238a and 244a for forming the sec- 
ond gas passage 1 3 are formed in the green sheets 238 
and 244. Printing of a pattern 242 causes the through- 
holes 238a and 244a to be filled with AI2O3 paste. Cuts, 
which will serve as fitting depressions 1 12a (FIG. 27), 45 
are formed in the green sheet 238 at widthwfse edge 
portions. A protective over coat 235 Is formed on the 
electrode pattern 236. which will serve as the first elec- 
trode 16. using an AI2O3 paste or the Dke. 
[0105] In the secorvi portion 212b, insulating coats so 
252 and 254 are formed on the corresponding surfaces 
of the green sheet 253. A pattern 251 for forming a 
porous sintered metal layer for accelerating combustion 
of a corrtoustible gas component is formed on the insu- 
lating coat 252 by printing using a Pt paste or the like ss 
(the pattern 251 may be omitted). A support portion pat- 
tern 250 and an auxiliary support pattem 249 are 
formed atxjve the insulating coat 252 in order to form 
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the second processing space 10 in a manner similar to 
that shown in FIG. 4. 

[0106] The first portion 212a arxJ the second portion 
212b are bonded together using a bonding coat 248, 
while end portions of R-Rh alloy wires 247a. 247b and 
247c. which will serve as terminals of the electrodes 15. 
14 and 16. are sandwiched k>etween the portions 212a 
and 212b. The tiius-obtained second unfired assen^y 
212 is fired to obtain the sensor cell unK 1 12 shown in 
FIG. 26. 

Example 1 : 

[0107] In the gas sensor 1 shown in FIG. 1, the ele- 
ments 3 to 5 and the shield member 6 were formed of 
ZrOa solid electrolyte containing Y2O3 in an amount of 
5% by weight. Among the porous electrodes 14 to 16. 
19 and 20, ttie electrodes 15 and 16 were formed of a 
PtAu alloy containing Au in an amount of 1% by weight, 
and other electrodes were formed of Pt. The frst 
processing space 9 and the second processing space 
10 had a height of 0.02 mm, a width of 22 mm, and a 
length of 7 mm. The sensor 1 was incorporated into the 
gas sensor system 50 of FIG. 5. The test gas was com- 
posed of oxygen (7%). water vapor (10%), carfc)on diox- 
ide (10%). nitrogen monoxide (500 ppm), methane as a 
combustible gas component (0 to 500 ppmC) and nitro- 
gen (balance). The sensor 1 was hekl in ihe test gas 
and heated by the heaters 2 and 8 so as to heat the ele- 
ments 3 to 5 to a temperature of 650*'C. 
[01 08] The target electromotive force EC of the oxy- 
gen concentratbn cell element 4 was set to a value 
(approximately 550 mV) such that the target oxygen 
concentration Px of the first processing space 9 was 1 0' 
^'^ atm. Under those conditions, the output current Id of 
the con(t>ustible gas component concentration detection 
element 5 was examined to see how it varied with tiie 
methane concentration of the test gas. Notably, the con- 
stant-voltage regulated DC power source 58 (FIG. 5) 
applied a voltage VC of 250 mV to the combustible gas 
component concentration detection element 5. The 
results are shown in FIG. 10. As seen from FIG. 10, tiie 
output cun-ent Id of the gas sensor 1 changed g-eatiy 
with methane concentration, indicating that the sensor 1 
exhibits good sensitivity toward methana 
[01 09] FIG. 1 1 shows tiie relationship between metii- 
ane concentration and the pumping current Ip of the 
oxygen pumping element 3. As seen from FIG. 11. the 
pumping current Ip decreased as the methane concen- 
tration increased. This indicates that at the above set- 
ting of tiie oxygen concentration of the first processing 
space 9. a portion of the methane component is burned. 
Specifically, as the methane concentration increases, 
the amount of burned methane increases. Thus, it is 
considered that the amount of oxygen punrped out by 
tiie oxygen pumping element 3 decreases in order to 
maintain the target oxygen concentration, i.e.. the 
pumping current Ip. 
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Example 2: 

[01 1 0] An experiment similar to that of Example 1 was 
conducted using the sensor system 50 of Example 1. 
The concentratons of test gas components were similar 
to those used in Example 1 , except that the methane 
concentration was either 0 ppmC or 500 ppmC and the 
water vapor concentration was either 5% or 10%. The 
results are shown in FIG. 12. Specifically, the output 
current Id corresponding to either methane concentra- 
tion remained almost unchanged for a water vapor con- 
centration of 5% and 10%. This indicates that in the gas 
sensor 1 . decomposition of water vapor is hardly initi- 
ated during measurement, and thus the methane con- 
centration can be stably measured regardless of the 
water vapor concentration. As a Comparative Example, 
the target electromotive force EC of the oxygen concen- 
tration cell element 4 was set to a value (approximately 
651 mV) such that the target oxygen concentration Px 
of the f irst processing space 9 was 10"^^ atm. An exper- 
iment was conducted in a manner similar to that of the 
present Example 2. The results are shown in FIG. 13. 
As seen from FIG. 13. the sensor output was signifi- 
cantly influenced by the water vapor concentration. 

Example 3: 

[Dili] An experiment was conducted using the sen- 
sor system 50 of Example 1. The test gas was com- 
posed of methane (500 ppmC). nitrogen monoxide (500 
ppm). oxygen (7%). water vapor (3% to 15%). carkx)n 
dioxide (10%) and nitrogen (balance). The gas sensor 1 
was held in the test gas and heated by means of the 
heaters 2 and 8 so as to heat the elements 3 to 5 to a 
temperature of esO^'C. The target electromotive force 
EC of the oxygen concentration cell element 4 was set 
to various values (250 mV (corresponding to 10'^ atm) 
to 750 mV (corresponding to 10"^^ atm)) such that the 
target oxygen concentration Px of the first processing 
space 9 was 10"''^ atm to 10"^ atm. Under these condi- 
tions, the output current Id of the comtxjstible gas com- 
ponent concentration detection element 5 was 
measured. Notat>ty. the constant-voltage regulated DC 
power source 58 (FIG. 5) applied a voltage VC of 250 
mV to the combustible gas component concentration 
detection element 5. 

[01 1 2] FIG. 1 4 shows the relationship between Id and 
Px with water vapor concentrations taken as parame- 
ters (circle: 3% water vapor; triangle: 10% water vapor; 
square: 15% water vapor). As seen from FIG. 14, at a 
Px value of 10*^^ atm to 10"^ atm, a sut)starrtially con- 
stant sensor output Is obtained irrespective of the Px 
value for any of tiie water vapor concentrations. At a PX 
value of 10'^^ atm or lower. Id. which is expected to be 
constant exhibited a sharp decrease (i.e.. an increase 
in apparent combustible gas component concentration). 
It is considered that this is because a large amount of 
hydrogen, which is a comtxistible gas component was 



generated as a result of water vapor decomposition. At 
a Px value of 10'^ atm or higher. Id exhibited a sharp 
increase (i.e., a decrease in apparent combustible gas 
component concentration). It is considered that this is 
5 because methane was burned witfiin the first process- 
ing space, i.e., the methane concentration was reduced 
due to excess oxygen. 

Example 4: 

10 

[011 3] An experiment was conducted using the sen- 
sor system 50 of Exanple 1 . The test gas was com- 
posed of nitrogen monoxide (500 ppm). methane (500 
ppmC) and nitrogen (balance). The gas sensor 1 was 

15 held in the test gas and heated by means of the heaters 
2 and 8 so as to heat tiie elements 3 to 5 to a tempera- 
ture of 600**C to 770**C. The target electromotive force 
EC of the oxygen concentration cell element 4 was set 
to a value (approximately 450 mV) such that the target 

20 oxygen concentration Px of the first processing space 9 
was 10'^ atm. Under these conditions, the output cur- 
rent Id of the combustible gas component concentration 
detection element 5 and the corresponding voltage 
(pump voltage) VP applied to tine oxygen pumping ele- 

25 ment 3 were measured Notably, the constant-voltage 
regulated DC power source 58 (FIG. 5) applied a volt- 
age VC of 250 mV to the combustible gas component 
concentraticxi detection element 5. The results are 
shown in FIG. 15. As seen from FIG. 15, at an element 

30 temperature in excess of TOO"" C. the output current Id 
became excessively low; consequentiy, the sensitivity of 
the gas sensor 1 was impaired. Also, as the working 
temperature decreased, the pumping voltage VP 
increased. This is because flie internal resistance of the 

35 oxygen pumping element 3 increases. At an element 
temperature lower than 650*C. the pumping voltage VP 
was excessively large; consequently, operation of the 
oxygen pumping element 3 became unstable. 

40 Example 5: 

[0114] An experiment was conducted using the sen- 
sor system 50 of Exanrpte 1 . The test gas was com- 
posed of methane (0 ppmC or 500 ppmC), oxygen 
45 (7%). water vapor (10%), cart>on dioxide (10%), nitro- 
gen monoxide (0. 500. or 1000 ppm) and rttrogen (bal- 
ance). The gas sensor 1 was held in the test gas and 
heated by means of the heaters 2 and 8 so as to heat 
the elements 3 to 5 to a temperature of SSO^'C. The tar- 
so gel electromotive force EC of the oxygen concentration 
cell element 4 was set to a value (approximately 450 
mV) such that the target oxygen concentration Px of the 
first processing space 9 was 10'^. Under these condi- 
tions, the output current Id of the combustible gas com- 
55 ponent concentration detection elonoit 5 was 
measured. Notably, the constant-voltage regulated DC 
power source 58 (FIG. 5) applied a voltage VC of 250 
mV to the combustible gas component concentration 
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detection element 5. The results are shown in FIG. 16. 
As seen from FIG. 16, the output current Id was hardly 
influenced by the NO concentration. 

Example 6: 5 

[0115] An experiment was conducted using the sen- 
sor system 50 of Example 1. The test gas was com- 
posed of methane (0 ppmC or 500 ppmC), oxygen 
(7%). nitrogen monoxide (500 ppm). caitx)n dioxide io 
(10%), water vapor (5%. 10%. or 15%) and nitrogen 
(balance). The gas sensor 1 was held in the test gas 
and heated by means of the heaters 2 and 8 so as to 
heiat the elements 3 to 5 to a temperature of 650*C. The 
target electromotive force EC of the oxygen concentra- 75 
tion cell element 4 was set to a value (approximately 
450 mV) such that the target oxygen concentration Fx 
of the first processing space 9 was 10'^. Under these 
conditions, the output current Id of the combustible gas 
component concentration detection element 5 was 20 
measured. Notably, the constant-voltage regulated DC 
power source 58 (FIG. 5) applied a voltage VC of 250 
mV to the combustit)le gas component concentration 
detection element 5. The reaiits are shown in FIG. 17. 
As seen from FIG. 17. the output cunent Id was hardly 25 
influenced by the water vapor concentration. 

Example 7; 

[0116] An experiment was conducted using the sen- 30 
sor system 50 of Example 1. The test gas was com- 
posed of methane (0 ppmC or 500 ppmC). oxygen 
(7%), water vapor (10%), nitrogen monoxide (500 ppm), 
cart)on dioxide (10%), cartx)n monoxide (0. 500. or 
1000 ppm) and nitrogen (balance). The gas sensor 1 35 
was held in the test gas and heated by means of the 
heaters 2 and 8 so as to heat the elements 3 to 5 to a 
temperature of 650»C. The target electromotive force 
EC of the oxygen concentration cell element 4 was set 
to a value (approximately 450 mV) such that the target 40 
oxygen concentration Fx of the first processing space 9 
was 10*^. Under these conditions, the output cun^ent Id 
of the combustible gas component concentration detec- 
tion element 5 was measured. Notably, the constant- 
voltage regulated DC power source 58 (FIG. 5) applied 4S 
a voltage VC of 250 mV to the combustible gas oorrpo- 
nent concentration detection element 5. The results are 
shown in FIG. 18. As seen from FIG. 18, the output cur- 
rent Id was hardly Influenced by ttie cartx>n monoxide 
concentration. so 

Exanipie 8; 

[0117] An experiment was conducted using the sen- 
sor system 50 of Example 1. The test gas was conr>- 55 
posed of methane (0 ppmC or 500 ppmC). oxygen 
(7%), water vapor (10%). nitrogen monoxide (500 ppm). 
cartxjn dioxide (10%), hydrogen (0, 500. or 1000 ppm) 



and nitrogen (balance). The gas sensor 1 was held in 
tiie test gas and heated by means of the heaters 2 and 
8 so as to heat the elements 3 to 5 to a tenrperature of 
650'*C. The target electromotive force EC of the oxygen 
concentration cell element 4 was set to a value (approx- 
imately 450 mV) such that the target oxygen concentra- 
tion Fx of the first processing space 9 was 10'^. Under 
these conditions, the sensor and the output current Id of 
tile combustible gas component concentration detection 
element 5 was measured. Notably, the constant-voKage 
regulated DC power source 58 (FIG. 5) applied a volt- 
age VC of 250 mV to the combustible gas conponent 
concentration detection element 5. The results are 
shown in FIG. 19. As seen from FIG. 19, tfie output cur- 
rent Id was hardly influenced by the hydrogen concen- 
tration. This is considered to be the case because 
hydrogen contained in the exhaust gas is mostiy con- 
sumed by combustion when tiie exhaust gas is intro- 
duced into the first processing space. 

Ex^mpl^ 9: ( 

[0118] An experiment was conducted using the sen- 
sor system 50 of Example 1. The test gas was com- 
posed of oxygen (4%. 7%. or 10%). water vapor (10%), 
nitrogen monoxide (500 ppm), cartjon dioxide (10%), 
methane (0 ppmC to 500 ppmC) and nitrogen (bal- 
ance). The gas sensor 1 was held in the test gas and 
heated by means of ttie heaters 2 and 8 so as to heat 
the elements 3 to 5 to a temperature of 650''C. The tar- 
get electromotive force EC of the oxygen concentration 
cell element 4 was set to a value (approximately 450 
mV) such that the target oxygen concerrtration Fx of the 
first processing space 9 was 10*^. Under these condi- 
tions, the output current Id of the combustible gas com- 
ponent concentration detection element 5 was 
measured. Notably, the constant-voltage regulated DC 
power source 58 (FIG. 5) applied a voltage VC of 250 
mV to the combustible gas component concentration 
detectbn element 5. The results are shown in FIG. 20. 
As seen from FIG. 20, the methane concentration 
dependency of the output current Id was hardly influ- 
enced by tiie oxygen concentration. 

Example 10: 

[0119] An expenment was conducted using the sen- 
sor system 50 of Example 1. The test gas was com- 
posed of metfiane (0 ppmC to 500 ppmC), oxygen (7%), 
water vapor (10%) nitrogen monoxide (0, 500. or 1000 
ppm). caitx>n dioxide (10%) and nitrogen (balance). 
The gas sensor 1 was held in the test gas and heated by 
means of the heaters 2 and 8 so as to heat the elements 
3 to 5 to a tenperature of 650''C. The target electromo- 
tive force EC of tiie oxygen concentration cell element 4 
was set to a value (approximately 450 mV) such that the 
target oxygen concentration Fx of the first processing 
sp>ace 9 was 10'^. The constant-voltage regulated DC 
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power source 58 (FIG. 5) applied a voltage VC of 250 
mV or 450 mV to the combustible gas component con- 
centration detection element 5. Under these conditions, 
the output current Id of the combustible gas component 
concentration detection element 5 was measured. The 
results are shown in FIG. 21 . As seen from FIG. 21 , the 
output current Id was hardly influenced by the nitrogen 
monoxide concentration at a VC value of 250 mV. 

Example 1 1 : 

[0120] In the gas sensor 100 shown in FIG. 26. the 
porous electrodes 14 to 16 and 20 were formed using a 
Pt-Au (1 % by weight) alloy. The third electrode 1 9 was a 
two-layered electrode composed of the main electrode 
layer 151 (FIG. 28) and the surface electrode layer 152. 
The main electrode layer 1 51 was integrally formed with 
the pumping cell unit 111 using a R-Au (1% by weight) 
alloy and by firing. An Au paste was applied to the main 
electrode layer 151, followed by secondary firing (at 
SOO^'C) to thereby form the surface electrode layer 152. 
As in the case of Example 1 , the first processing space 
9 and the second processing space 10 each had a 
height of 0.02 mm, a width of 22 mm and a length of 7 
mm. A section was taken across the thuckness of the 
third electrode 19. The composition of the section was 
analyzed using an Electron Probe Micro Analyzer 
(EPMA; energy diffusion system). As a result, the Au 
content was found to be about 4.1% by weight when a 
total content of Au and Pt in the main electrode portion 
was taken as 100% by weight. It was confirmed that the 
surface electrode layer 152 mainly composed of Au was 
formed in a surface layer region of the main electrode 
portion. 

[0121] The sensor 100 was incorporated into the gas 
sensor system 50 of FIG. 5. The sensor 100 was held in 
a test gas composed of oxygen (7%), water vapor 
(10%). cartx)n dioxide (10%), nitrogen monoxide (500 
ppm). methane (200 ppmC) serving as a combustible 
gas component and nitrogen (balance). The sensor 100 
was heated by means of the heaters 2 and 8 (FIG. 1 ) so 
as to heat the elements 3 to 5 to a temperature of 
750'*C. In the gas sensor 100. the target electromotive 
force EC of the oxygen concentration cell element 4 was 
set to a value (about 550 mV) such that the target oxy- 
gen concentration Px of the first processing space 9 
was lO'^"* atm. Under these conditions, the sensor sys- 
tem 50 was operated to examine how the output current 
Id of the comtxjstible gas component concentration 
detection element 5 varies with the methane concentra- 
tion. Notably, the constant-voltage regulated DC power 
source 58 (FIG. 5) applied a voltage VC of 350 mV to 
the combusbhle gas component concentration detection 
element 5. The test revealed that in the gas sensor 100. 
the output current Id corresponding to a methane con- 
centration of 200 ppmC was atxnjt 4 ^A. which is atx}ut 
twice that ot)served with the sensor 1 of Exarrple 1. A 
conceivatsle reason for such an improvement in sensor 



sensitivity is that the above-described two-layered 
structure of the third electrode 1 9 facilitates combustion 
of methane to thereby reduce losses associated with 
combustion of methane witNn the first processing 
5 space 9. 

[0122] A section of the third electrode which was not 
used after secondary firing was examined using EPMA 
attached to an SEM. FIG. 31 shows characteristic X-ray 
images (about 1000 magnifications) of the section cor- 

10 responding to Pt (FIG. 31(a)). Au (FIG. 31(b)) and Zr 
(FIG. 31(c)). In the images shown in FIG. 31. a brighter 
portion irrdicates a higher characteristic X-ray intensity 
(i.e., element concentration). As seen from a compari- 
son of images between FIG. 31(a) and FIG. 31(c). a 

IS porous main electrode layer of Pt was formed as thick 
as about 20 \im on a solid electrolyte layer mainly com- 
posed of ZrOg. In order to improve the bonding strength 
of the electrode by reducing the difference in thermal 
expansion coefficient between the porous electrode sind 

20 the solid electrolyte layer. Pt paste blended with ZrOg 
powder was used as an electrode material. Thus, a 
region of distribution associated with characteristic X- 
ray of Zr was observed in the main electrode layer. As 
seen from a comparison of images between FIG. 31(a) 

25 and FIG. 31(b). a surface electrode layer mainly com- 
posed of Au was formed in an outermost surface layer 
portion of the main electrode layer. Notably, a thin dis- 
persion of the characteristic X-ray of Au was observed 
In a region corresponding to the main electrode layer. It 

30 is considered that in this case, Au diffused from the sur- 
^ce electrode layer side to the main electrode layer side 
during secondary firing. 

[0123] Next, the sensor was aged for 500 hours at 
780^'C in the atmosphere. Subsequently, the section of 

35 the tNrd electrode was examined by EPMA. FIG. 32 
shows characteristic X-ray images (about 1000 magnifi- 
cations) of the section corresponding to Pt (FIG. 32(a)), 
Au (FIG. 32(b)) and Zr (FIG. 32(c)). As compared to 
FIG. 31 . the surface electrode layer region having a high 

40 Au concentration was wider, and the Pt concentration of 
the region was higher. Acceding to an Au-Pt equilibrium 
phase diagram, at 780*C. the solid-solution limit of Pt on 
the Au side was as high as at>out 20% by weight, while 
the solid-solution limit of Au on the PX skie was as low as 

45 about 5% by weight. In the main electrode layer, sec- 
ondary firing most likely caused an increase in the Au 
concentration in the vicinity of the interface with the sur- 
face electrode layer to near a saturation concentration 
in R. Accordingly, the above-described aging Is consid- 

50 ered to cause ihe following tendencies: diffusion of Au 
from tiie surface electrode layer side to the main elec- 
trode layer side is relatively difficult, while diffusion of Pt 
from tiie main electrode layer side to the surface elec- 
trode layer side progresses relatively easily. 

55 [0124] As a result, diffusion of Pt to the surface elec- 
trode layer side is considered to have advanced having 
priority over diffusion of Au to the main electrode layer 
side, resulting in expansion of the surface electrode 
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layer region. As a result of this aging, the R concentra- 
tion of the surface electrode layer increased to about a 
solid-solution limit of Pt in Au (for example, 20% by 
weight at TSO'^C), However, a Pt concentration up to this 
level still allows for the effect of suppressing the com- 5 
kxjstion-related catalytic activity by means of the surface 
electrode layer. Also, a small time-course variation in Pt 
concentration of the surface electrode layer while the 
sensor is being used may advantageously improve the 
time-course stability of the sensor characteristics (for 10 
example, tiie offset electromotive force of the oxygen 
concentration cell element). In tiiis case, it is desirable 
to positively age the sensor in tiie above manner before 
shipment so as to sufficientiy diffuse FX to the surface 
electrode layer side. ,5 

Claims 

1. A gas sensor (1, 100) comprising: 

20 

a first processing space (9) and a first gas pas- 
sage (11) for introdudng a measurement gas 
containing oxygen and a combustible gas com- 
ponent into said first processing space (9); 

a second processing space (10) and a second 
gas passage (13) for introducing a gas con- 
tained in said first processing space (9) into 
said second processing space (10); 

30 

an oxygen concentration detection element for 
measuring the oxygen concentration of gas 
contained in said first processing space (9); 

an oxygen pumping element (3) comprising an 3S 
oxygen-ion conductive solid electrolyte having 
electrodes formed on opposing surfaces 
thereof, said oxygen pumping element (3) 
pumping out oxygen into said first processing 
space (9) so as to adjust the oxygen concentre- 40 
tion of the measurement gas introduced into 
said first processing space (9) and measured 
by said oxygen concentration detection ele- 
nneht to a predetermined level; 

45 

an oxidation catalyst for accelerating combus- 
tion of a comkxjstibie gas component contained 
in the gas which has been introduced into said 
second processing space (10) from said first 
processing space (9) via the second gas pas- so 
sage (13); and 

a comtxjstible gas component concentration 
detection element (5) for providing information 
regarding the concentration of the combustit>le 55 
gas corrponent of the measurement gas, com- 
prising an oxygen-ion conductive solid electro- 
lyte having electrodes formed on opposing 



surfaces thereof, one of said electrodes is 
exposed to said second processing space (10). 
said combustible gas component concentration 
detection element (5) having an output current 
which varies according to the amount of oxy- 
gen consumed by combustion of the combusti- 
ble gas component when a constant voltage is 
applied to the electi-odes of the combustible 
gas component concentration detection ele- 
ment, to thereby provide information regarding 
the concentration of the combustible gas com- 
ponent of the measurement gas. 

2. The gas sensor (1. 100) according to claim 1, 
wherein the constant voltage is applied to tfie elec- 
trodes of said combustible gas component concen- 
tration detection element (5) in a polarity such that 
tiie electrode exposed to said second processing 
space (10) becomes negative. 

3. The gas sensor (1 , 100) according to daim 1 or 2, ( 
wherein said oxygen pumping element (3) adjusts 

the oxygen concentration of the measurement gas 
introduced into said first processing space (9) and 
measured by said oxygen concentration detection 
element within a range such that water vapor which 
may be contained in the measurement gas is not 
substantially deconposed. 

4. The gas sensor (1 . 1 00) according to any of the pre- 
ceding claims, wherein said oxygen pumping ele- 
ment adjusts the oxygen concentration of the 
measurement gas introduced into said first 
processing space (9) and measured by said oxygen 
concentration detection element within a range of 
^0'^^ atnto aim. 

5. The gas sensor (1 . 1 00) according to any of the pre- 
ceding claims, wherein said conrbustible gas com- 
ponent comprises hydrocart>on and another , 
comixistible gas component said oxygen pumping 

element (3) adjusts the oxygen concentration wittiin 
said first processing space (9) as measured by said 
oxygen concerrtration detection element within a 
range such that a combustible component of tiie 
measurement gas having a higher combustion 
activity than hydrocaitx)n is bumed more readily 
than hydrocartx)n. 

6. The gas sensor (1 . 1 00) according to any of the pre- 
ceding claims, wherein said oxygen concentration 
detection element comprises an oxygen concentra- 
tion cell element (4) comprising an oxygen-ion con- 
ductive solid electi-olyte having electrodes formed 
on ofposing surfaces thereof, one of the electrodes 
of the oxygen concentration cell elements is 
exposed to said first processing space (9) and is 
defined as a first electrode (15); and 
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the electrcxJe of said combustible gas compo- 
nent concentration detection element exposed 
to said second processing space is defined as 
a second electrode (16). 

7. The gas sensor (1, 100) according to claim 6, 
wherein said first (15) and second (16) electrodes 
comprise a porous electrode having oxygen mole- 
cute desorbent capability. 

8. The gas sensor (1. 100) according to claim 6 or 7. 
wherein said second electrode (16) serves as an 
oxidation catalyst having oxidation-catalytic activity 
toward a combustible gas component contained in 
the measurement gas. 

9. The gas sensor (1 . 100) according to any of claims 
6 to 8. wherein said first electrode (15) has a lower 
oxidation-catalytic activity than said second elec* 
trode(16). 

10. The gas sensor (1, 100) according to any of claims 
6 to 9, wherein said gas sensor further comprises a 
wall p>ortion and a porous metal layer (17) other 
than said second electrode (16) formed on said wall 
portion, said second processing space (10) being 
defined in part by said porous metal layer, and said 
porous metal layer (17) being exposed to said sec- 
ond processing space (10) and serving as said oxi- 
dation catalyst. 

1 1 - The gas sensor (1 , 1 00) according to any of the pre- 
ceding claims, wherein the electrode of said com- 
tKJStible gas component concentration detection 
element exposed to said second processing space 
(10) is arranged so as not to contact said second 
gas passage (13). 

12. The gas sensor (1. 100) according to any of claims 
6 to 10, comprising a partition wall (12) formed of 
an oxygen-ion conductive solid electrolyte disposed 
between said first (9) and second (10) processing 

spaces. 

13. The gas sensor according to claim 12, wherein the 
second gas passage (13) is formed in the partition 
wall (12) so as to establish communication between 
said first processing space (9) and said second 
processing space (10). 

14. The gas sensor (1. 100) according to claim 12 or 
13, further comprising an oxygen reference elec- 
trode (14) embedded in the partition wall (12) at a 
thicknesswise intermediate portion thereof. 

15. The gas sensor (1, lOO) according to claim 14, 
wherein the first electrode (15) is formed on the par- 
tition wall (12) so as to be exposed to said first 



processing space (10), wherein the first electrode 
(15), the oxygen reference electrode (14) and a por- 
tion of the partition wall (12) interposed between 
the first electrode (15) and the oxygen reference 
5 electrode (1 4) constitute said oxygen concentration 

cell element (4). 

16. The gas sensor (1, 100) according to claim 14 or 
15, wherein the second electrode (16) is formed on 
10 the partition wall (12) so as to be exposed to said 
second processing space (10). wherein the second 
electrode (16), the oxygen reference electrode (14). 
and a portion of the partition wall (12) interposed 
between the second electrode (16) and the oxygen 
75 reference electrode (14) constitute said combusti- 
ble gas conponent concentration detection ele- 
ment (5). 

17- The gas sensor (1 , 100) according to any of claims 
20 12 to 17, wherein at least either the oxygen refer- 
ence electrode (14) or the second electrode (16) is 
formed in or on the partition wall (12) at a position 
so as not to contact said second gas passage (13). 

25 1 8. The gas sensor (1 . 1 00) according to any of claims 
6 to 1 7, wherein said oxygen pumping element (3) 
comprises an oxygen-ion conductive solid electro- 
lyte having electrodes formed on opposing surfaces 
thereof, one of the electrodes of the oxygen pump- 
30 ing element (3) is exposed to said first processing 
space (10) and is defined as a third electrode (19); 

the third electrode comprises: 

35 a porous main electrode layer (151) com- 

prising a R-Au alloy or Pt; and 
a porous surface electrode layer (1 52) cov- 
ering the main electrode layer (151). said 
surface electrode layer (152) conprising a 

40 material selected from the group consist- 

ing of a metal containing Au or Ag as a 
main component, a R-Au alloy, an Au-Pd 
alloy, a Pt-Ag alloy and a Pt-Ni alloy, 
wherein the third electrode (19) has a 

"ts lower oxidation-catalytic activity toward the 

comt)ustible gas component than the sec- 
ond electrode (16). 

19. The gas sensor (1, 100) according to claim 18. 
so wherein said third electrode (19) has a two-layer 
structure comprising: 
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a porous main electrode layer (151) conprising 
a R-Au alloy or R; and 

a porous surface electrode layer (152) covering 
the main electrode, said surface electrode layer 
comprising an Au-containing metal containing 
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Au as a main component. 

20. The gas sensor (1. 100) according to claim 18 or 
19, wherein the area of the first electrode (15) is 
smaller than that of the third electrode (19). s 

21 . The gas sensor (1 . 1 00) according to any of the pre* 
ceding claims, wherein said oxygen concentration 
detection element comprises an oxygen concentra- 
tion ceil element comprising an oxygervion conduc- io 
five solid electrolyte having electrodes formed on 
opposing surfaces thereof, one of the electrodes of 
the oxygen concentration cell element is exposed to 
said first processing space (9) and is defined as a 
first electrode: and 75 

the first electrode comprises a porous metal of 
R-Au alloy, Pt-Ag alloy or Pt. 

22. The gas sensor (1 . 1 00) according to any of the pre- 20 
ceding claims, comprising a pumping cell unit (111) 
including said oxygen pumping element and a sen- 
sor cell unit (1 12) including said oxygen concentra- 
tion detection element, said pumping cell unit (111) 
being arranged separately from said sensor cell 25 
unit (112). said second processing space (10) and 
said cont)ustible gas component concentration 
detection element; and said pumping cell unit (111) 
and said sensor cell unit (112) being joined and 
integrated with each other via a tx>nding material. so 

23. The gas sensor (1. 100) according to claim 22, 
wherein said pumping cell unit (111) comprises a 
pump-cell-side fitting portion (111a) and said sen- 
sor cell unit (112) comprises a sensor-cell-side fit- 35 
ting portion (1 1 2a) engaged with the pump-cell-side 
fitting portion (111a); and 

said pumping cell unit (111) and said sensor 
cell unit (112) are joined and Integrated with 40 
each other via engagement of the purrp-cell- 
side fitting portion (111a) with the sensor-cell- 
side fitting portion (1 1 2a). 

24. A method of manufacturing a gas sensor ( 1 , 1 00) of 45 
any of claims 18 to 20. said method comprising: 

a substrate electrode layer forming step which 
comprises forming a sufc>strate electrode pat- 
tern containing an unfired main electrode layer so 
(151) of material powder for the main electrode 
layer of the third electrode (19) on an unfired 
solid electrolyte compact of the oxygen-ion 
conductive sdid electrolyte layer constituting 
said oxygen pumping elemait (3). and inte- 55 
grally firing the unfired main electrode layer 
(151) with the unfired solid electrolyte compact 
at a first temperature to form on the oxygen-ion 



conductive solid electrolyte layer a substrate 
electrode layer containing the main electrode 
layer; and 

a surface electrode layer (152) forming step 
which comprises forming a layer of material 
powder for the surface electrode layer on the 
sut>sti-ate electrode layer, and subjecting to 
secondary firing at a second tenperature lower 
than the first temperature to thereby form the 
surface electrode layer (152). 

25- The manufacturing method acco-ding to claim 24. 
wherein said gas sensor (1. 100) comprises a 
pumping cell unit (111) including said first oxygen 
pumping element (3) and a sensor cell unit (112) 
including said oxygen concentration detection ele- 
ment, said pumping cell unit (111) being arranged 
separately from said sensor cell unit (112), said 
second processing space (10) and said combusti- 
ble gas component concentration detection ele- 
ment; and said pumping celt unit (111) and said 
sensor cell unit (1 12) being joined and integrated 
with each other via a bonding material; and 

said metiiod comprising the steps of: 

firing the substrate electrode layer without 
forming the surface electrode layer (152); 

carrying out said secorxJary firing to form 
the surface electrode layer (152) on the 
substrate electrode layer of said pumping 
cell unit; and 

integrating said purrping cell unit (111) 
with said sensor cell unit (112), which units 
have been separately manufactured 
through the firing steps. 

26. A gas sensor system (50) conrprising: 

a gas sensor comprising: 

a first processing space (9) and a first gas 
passage (11) for introducing a measure- 
ment gas containing oxygen and a com- 
bustible gas componerrt into said first 
processing space (9); 

a second processing space (1 0) and a sec- 
ond gas passage (1 3) for introducing a gas 
contained in said first processing space (9) 
into said second processing space (10); 

an oxygen concentration detection ele- 
ment for measuring the oxygen concentra- 
tion of the gas contained in said first 
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processing space (9); 

an oxygen pumping element (3) compris- 
ing an oxygen-ion corxJuctive solid electro- 
lyte having electrodes formed on opposing s 
surfaces thereof, said oxygen pumping 
element (3) pumping out oxygen from said 
first processing space (9) or pumping oxy- 
gen into said first processing space (9); 

an oxidation catalyst for accelerating com- 
bustion of a combustible gas component 
contained in the gas which has been intro- 
duced into said second processing space 
from said first processing space via the 
second gas passage: and 

a combustible gas component concentra- 
tion detection element for providing infor- 
mation regarding the concentration of the 
combustible gas component of the meas- 
urement gas comprising an oxygen-ion 
conductive solid electrolyte having elec- 
trodes formed on opposing surfaces 
thereof, one of said electrodes being 
exposed to said second processing space, 
said combustible gas component concen- 
tration detection element having an output 
current which varies according to the 
amount of oxygen consumed by combus- 
tion of the combustible gas component 
when a constant voltage is applied to the 
electrodes of the combustible gas compo- 
nent concentration detection element (5), 
to thereby provide information regarding 
the concentration of the combustible gas 
component of the measurement gas. or a 
gas sensor according to any of claims 1 to 
23; 

oxygen pumping operation control means 
(57) for controlling said oxygen pumping 
element (3) by passing a pumping current 
therethrough such that the oxygen concen- 
tration of the measurement gas introduced 
into said first processing space and meas- 
ured by said oxygen concentration detec- 
tion elements falls within a predetermined 
range; and 

a voltage source (71) for applying a con- 
stant voltage to the electrodes of said com- 
bustible gas component concentration 
detection element (5). 

27. The gas sensor system according to claim 26, com- 
prising a voltage source (71) for applying a voltage 
to the electrodes of said combustlt^le gas compo- 



nent concentration detection element (5) in a polar- 
ity such that the electrode exposed to said second 
processing space becomes negative. 

28. The gas sensor system according to claim 26 or 27. 
further comprising correction means (53) for cor- 
recting the output of said combustible gas compo- 
nent concentration detection element (5) based on 
the oxygen concentration of the measurement gas 
as determined by the pumping current of said oxy- 
gen pumping element (3). 

29. The gas sensor system (50) according to any of 
claims 26 to 28. wherein said oxygen concentration 
detection element comprises an oxygen concentra- 
tion cell element (4) comprising an oxygen-ion con- 
ductive solid electrolyte having electrodes formed 
on opposing surfaces thereof, one of the electrodes 
defined as a first electrode (15) serves as a detec- 
tion electrode and is exposed to said first process- 
ing space (9), the other electrode serves as a self- 
generating oxygen reference electrode (14) for 
passing a small pumping current between said 
detection electrode (15) and said oxygen reference 
electrode (14) in a direction such that oxygen is 
pumped toward the side of said oxygen reference 
electrode (14), to thereby establish a reference oxy- 
gen concentration of a predetermined level within 
the oxygen reference electrode (14) by the oxygen 
pumped into the oxygen reference electrode (14). 

30. The gas sensor system (50) according to daim 29, 
wherein the oxygen reference electrode (14) also 
serves as an electrode of said conr^ustible gas 
component concentration detection element (5), 
and the other electrode of the contbustible gas 
component concentration detection element (5) is 
exposed to said second processing space (18) and 
is defined as a second electrode (16). 

31. The gas sensor system (50) according to daim 29 
or 30 further comprising a current limit drcuit (120) 
for limiting within a predetermined range the current 
flowing between the second electrode (16) and the 
oxygen reference electrode (14) of said combusti- 
ble gas component concentration detection ele- 
ment (5). 

32. The gas sensor system (50) according to any of 
daims 29 to 31, comprising a current limit circuit 
(120) for limiting within a predetermined range tiie 
current flowing from the second electrode (16) to 
the oxygen reference electrode (14). 
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(54) Gas sensor 

(57) A gas sensor having a simple structure and 
capable of accurately measuring the combustible gas 
component concentration of a measurement gas such 
as an exhaust gas despite variations in the oxygen con- 
centration of the exhaust gas and variations in element 
temperature. The gas sensor 1 has the following constit- 
uent features: (1) first processing space 9: a measure- 
ment gas is introduced thereinto via a first gas passage 
11 ; (2) second processing space 1 0: a gas contained in 
the first processing space 9 is introduced thereinto via a 
second gas passage 13; (3) oxygen concentration 
detection element 4: adapted to measure the oxygen 
concentration of a gas contained in the first processing 
space 9; (4) oxygen pumping element 3: adapted to 
reduce the oxygen concentration of the measurement 
gas introduced into the first processing space 9 within a 
range such that water vapor contained in the measure- 
ment gas is not substantially decomposed; (5) oxidation 
catalyst section 1 6: adapted to accelerate combustion 
of a combustible gas component contained in a gas 
Introduced into the second processing space 10; and 
(6) combustible gas component concentration det^tion 
element 5: a constant voltage is applied thereto, and 
element 5 has an output current which varies according 
to the amount of oxygen consumed by combustion of a 



combustible gas component contained in the gas intro- 
duced into the second processing space 10 from the 
first processing space, to thereby provide information 
regarding the concentration of the combustible gas 
component of the measurement gas based on the out- 
put current. 
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